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Doxorubicin is a poorly water soluble chemotherapeutic drug used in the treatment of many
cancers. However, due to its toxic side effects, there has been a lot of effort to develop better
delivery methods for this drug to alleviate some of the toxicity and to improve its efficacy.
Encapsulation of doxorubicin in polymeric micellar drug delivery systems offers an opportunity
to improve this delivery by improved solubility and more controlled release of the drug to tumor
sites. Substituted poly(caprolactone)s are a desirable material to use to form amphiphilic block
copolymers due to their tunable properties. Depending on the substituent used, the size, stability,
degradation rate, and hydrophilicity or hydrophobicity of the micelle can be adjusted. One
drawback of micelle drug delivery systems is their tendency to have low drug loading capacities.
In this dissertation, several drug delivery systems were designed in order to increase the amount
of doxorubicin loading in polymeric micelles.

The design and recent advances of polymeric drug delivery systems featuring polyesters is
discussed in Chapter 1. Polyesters are attractive drug delivery materials due to their

biocompatibility and biodegradability. Many systems have been designed using these systems

vii



including those that are stimuli-responsive to allow more control over release and those that have
targeting to allow for a better accumulation of the drug delivery vehicles at tumor sites. Different
systems that have been developed in recent years using polyesters are discussed in this chapter.
Chapter 2 describes a comparison of linear and 4-arm star-like block copolymers synthesized from
amphiphilic polycaprolactones with a tri(ethylene glycol) substituted polycaprolactone as the
hydrophilic block and unsubstituted poly(caprolactone) as the hydrophobic segment. The linear
and star-like block copolymers are compared in terms of their thermodynamic stability,
degradation, size, and drug loading capabilities, with the star-like structure used as a way to
improve the loading of doxorubicin.

In Chapter 3, two star-like polycaprolactones featuring either four or six arms are compared in
terms of their properties and drug loading abilities. In addition, these polymers are synthesized
with a tri(ethylene glycol) substituted poly(caprolactone) hydrophilic block and a ethoxy
substituted hydrophobic block, which are shown to have thermally controlled drug release.
Chapter 4 focuses on improving the loading of doxorubicin in polymeric micelles through the
combination loading of doxorubicin with resveratrol, a polyphenolic compound that has
cardioprotective and chemosensitizing properties. Resveratrol, when loaded in combination with
doxorubicin, increases the amount of doxorubicin encapsulated in the micelle significantly. This
can be a way to improve loading of the chemotherapeutic drug, while also decreasing some of its

toxic side effects.
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1.1 Abstract

The use of aliphatic polyesters in drug delivery applications has been a field of significant
interest spanning decades. Drug delivery strategies have made abundant use of polyesters in their
structures owing to their biocompatibility and biodegradability. The properties afforded from these
materials provide many avenues for the tunability of drug delivery systems to suit individual needs
of diverse applications. Polyesters can be formed in several different ways, but the most prevalent
is the ring-opening polymerization of cyclic esters. When used to form amphiphilic block
copolymers, these materials can be utilized to form various drug carriers such as nanoparticles,
micelles, and polymersomes. These drug delivery systems can be tailored through the addition of
targeting moieties and the addition of stimuli-responsive groups into the polymer chains. There
are also different types of polyesters that can be used to modify the degradation rates or mechanical
properties. Here, we discuss the reasons that polyesters have become so popular, the current

research focuses, and what the future holds for these materials in drug delivery applications.

1.2 Introduction

Aliphatic polyesters have been explored for several decades for use in biomedical
applications owing to their biodegradability and biocompatibility.}® It is important for materials
in drug delivery to be able to achieve their purpose for a certain amount of time before being
cleared from the body either by renal clearance or through degradation. There are several criteria
that are important to consider when looking at biodegradable materials. The material itself, as well
as the products produced, should be nontoxic. The mechanical properties should be suited to fulfill

the task and the degradation time should align with completing the task.” Polyesters also have an



advantage in their tunability; the crystallinity, thermal transitions, mechanical strength, and
degradation can be altered based on molecular weight, composition (when used in block
copolymers), or addition of substituents to the polymer backbones.”° The versatility provided by
their tunability has enabled them to be used across a wide variety of biomedical applications such
as drug delivery and tissue engineering.'* However, the main focus here will be on aliphatic
polyesters used for drug delivery.

Polyesters include poly(lactide)s (PLA), poly(caprolactone)s (PCL), poly(glycolide)s
(PGA), poly(dioxanone)s (PDO), poly(butyrolactone)s (PBL), and poly(valerolactone)s (PVL)
among others and combinations of these different polyesters as well. However, the most used
materials are PLA, PCL, and PGA, whose properties are summarized in Table 1.1.121% These
materials have good mechanical properties, hydrolytic degradation, and are biocompatible. PLA
is one of the most popular polymers used for drug delivery, and is often used in copolymers with
glycolide to form poly(lactide-co-glycolide) (PLGA). In the case of PLA homopolymers, there are
two enantiomeric forms, poly(D-lactic acid) (PDLA) and poly(L-lactic acid) (PLLA) as well as
racemic PLA.® PLLA and PDLA are highly crystalline materials while racemic PLA is shown to
be amorphous in nature. PLLA is often the most used because it is considered to be more
biocompatible. PGA is a highly crystalline polymer that has a high melting point and low solubility
in most solvents limiting its use in drug delivery applications,® so it is commonly used as a
copolymer with PLA to form PLGA. PLGA can be synthesized as either random or block
copolymers, and there are several different types of PLGA that can be formed depending on the
ratios used and the sequencing.” !’ The crystallinity and glass transition temperature (Tg) can be

tuned based on the type of PLGA, which is important as the glass transition temperature, in



addition to the melting point, has been shown to be influential on the release rate of encapsulated
drugs.’® PLGA also has other advantages including faster hydrolysis than other polyesters due to
the incorporation of GA, which can be used to tune the degradation rate depending on the
composition of PGA and PLA.® In addition, PLGA can be dissolved in a range of solvents when
compared with PGA due to reduced crystallinity. PLGA has become very prevalent and has been
used in a range of applications including the commercial use as a drug delivery device in Lupron
Depot®, which is used in the treatment of advanced prostate cancer.?® PCL is a widely used
polyester in drug delivery design owing to its good mechanical properties and slower degradation
rates compared with other polyesters.?*?® PCL is also easily tuned through addition of substituents

Table 1.1. Properties of Commonly Used Polyesters

Structure T (°C) T, (°C) Degradation Time (months)
Poly{lactide) ?
oly(lactide
O%\ 60-65 150-160 12-24
(PLA) n

Poly(caprolactone)
,@J\/\/\/O}\ -60 60 >24
(PCL)

Poly(glycolide) O
i)bo;\ 35-40 225-230 2-4
(PGA)

Paly(lactide-co-glycolide)
O)Qﬂ/\oa/ 35-60 120-200 25
(PLGA) "O m




onto the monomer in typically either the a- or y-position.!® ?* This allows tunability in the
mechanical properties, thermal transitions, or even the hydrophilicity of the polymer.t® These
substituents can also contain prodrugs or targeting moieties.?>?” Many of these polyesters are used
in amphiphilic diblock copolymers where additional tuning from adjusting the compositions and
block lengths can enable changes in size, drug loading capacities, and even drug release.?® Here
we focus on recent publications within the last 3 years including the above polymers and their

derivatives.

1.3 Ring-Opening Polymerization

There are many different techniques used to synthesize polyesters including polycondensation
or ring-opening polymerization (ROP) of cyclic esters. ROP is the most used method owing to
higher molecular weights obtained with more control. Polycondensation requires high
temperatures and long reaction times, which favors side reactions.> The use of melt
polycondensation has been shown to obtain higher molecular weights as well;?°-%® however, ROP
is still the most popular method for the preparation of polyesters and will be the main focus. There
are many routes for ROP in the synthesis of polyesters including anionic, cationic, enzymatic, and
coordination-insertion.® 31 Cationic ROP has been shown to be hard to control and does not yield
polymers with high molecular weight; therefore, it is not used as often. The advantages and

disadvantages of some of the most popular types of ROP are summarized in Table 1.2.

1.3.1 Anionic ROP

Anionic ROP takes place through the nucleophilic attack of an initiator on the carbonyl

carbon or on the carbon adjacent to the ester oxygen to open the ring and subsequently form a



Table 1.2. Comparison of Ring-opening Polymerization Routes

Catalysts Advantages Disadvantages
. High molecular weights . . .
. alkoxides, organometals, g . & Sensitive to side reactions
Anionic ROP . . achieved, some .
amines, phosphines o . such as backbiting
polymerizations are living
. . No toxic metals used, come Lower yields, higher
Enzymatic ROP Lipases y . .g
from renewable resources polydispersity
L Lewis acidic metal cations High control, ability to Trace metals can be left
Coordination- . . . .
Insertion ROP such as Sn(ll) and an produce high molecular behind which can be toxic
alcohol or amine initiator weight polymers in biological applications

linear polyester. The propagating species is balanced by a positive counter ion. Anionic ROP has
been shown to provide polymers with high molecular weights and has shown to be living in some
cases.>32 However, anionic ROP has drawbacks as well including the presence of side reactions

such as backbiting.®®

1.3.2 Enzymatic ROP

The use of enzymatic ROP has been explored as well and is attractive because it is
important for polyesters used in biological applications to be free from toxic residue left from
polymerization using metals. Some lipases have shown the ability to catalyze ROP of lactones. It
has been shown that lipases are most active for larger lactones such as e-caprolactone and have
even been able to provide for polymers with high molecular weights.3> %3¢ However, the
drawback to enzymatic ROP is that the reactions do not typically have high yield and are less

controlled resulting in higher polydispersities.

1.3.3 Coordination-insertion ROP

Coordination-insertion ROP is another common way to make polyesters due to its control

and ability to produce high molecular weight polymers. In this mechanism, the monomer is



coordinated to a metal center followed by the insertion into a metal-alkoxide species through the
acyl-oxygen bond.*” This polymerization requires a metal catalyst species and typically an alcohol
initiator. Common metal catalysts for this polymerization are based on tin,*® aluminum,**-*° and
zinc.** The most employed catalyst for coordination-insertion polymerization of cyclic esters is
tin(11) bis(2-ethylhexanoate). This catalyst is used most due to its approval by the Food and Drug
Administration (FDA) as a food additive and ability to produce well-controlled high molecular
weight polymers.3® 4 The largest concern with coordination-insertion ROP is that there can be
traces of metal catalyst remaining after the polymerization which can be toxic when used in

biological applications.

1.4 Polyester Nanocarriers for Drug Delivery

For drug delivery applications, there are many types of carriers used to deliver the drug in
vivo. Polyesters have been used to form nanoparticles, polymeric micelles, dendrimers, and
polymersomes. There are many other types of drug delivery vehicles that have been explored as
well including carbon nanotubes and polymer-drug conjugates. However, since micelles,
nanoparticles, and polymersomes are the most explored in recent years, here we will focus on those

drug delivery vehicles (Figure 1.1).

1.4.1 Polymeric nanoparticles and micelles

Polymeric nanoparticles and micelles are formed from the self-assembly of amphiphilic
block copolymer micelles. Nanoparticles have a wide range in sizes and can have a diameter

ranging in size anywhere from 10-1000 nm.* Micelles are typically smaller, in the range of 5-
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Figure 1.1. Types and sizes of common nanocarriers used for delivery of anti-cancer drugs.

100nm. The main difference between nanoparticles and micelles is the way that they are formed.
Micellar formation is driven by thermodynamics where the aggregation of unimers only takes
place above the critical micelle concentration (CMC), whereas the formation of nanoparticles is
controlled by kinetic factors such as the temperature, pH, electrolytes, and solvents. During the
formation of nanoparticles or micelles through self-assembly, hydrophobic drugs can migrate to
the core with the hydrophobic block of the polymer to form the drug loaded carrier. These vehicles
can then transport and deliver the drug to the intended site through bulk erosion or from stimuli
triggered release.*®4” However, micelles and nanoparticles should fall within the range of 10-100
nm so that they are large enough to avoid renal clearance and at the same time are small enough

to participate easily in the enhanced permeability and retention (EPR) effect.*®



1.4.2 Polymersomes

Polymersomes, or polymeric vesicles, are another popular form of drug transportation.
Polymersomes are also formed from amphiphilic block copolymers and contain an aqueous
solution in the core which is surrounded by the bi-layer membrane. The bi-layer membrane has a
hydrophilic corona both inside and outside of the sphere and polymersomes have the ability to
encapsulate not only hydrophobic drugs in the membrane, but also hydrophilic drugs, enzymes,
proteins, peptides or DNA and RNA fragments in the hydrophilic core. Polymersomes have been
shown to be very stable and have shown long circulation times in the blood.*-*® Polymersomes
can be larger in size as well, sometimes larger than 200 nm, but it is important to control the size

of the polymersomes for drug delivery use.*!

1.4.3 Targeting of Drug Delivery Vehicles

Tumor sites can be targeted with polymeric nanocarriers: either through passive targeting
with the EPR effect or by active targeting through the introduction of a targeting moiety to the
polymer through end group variation or conjugation along the polymer backbone.%? In the case of
passive targeting using the EPR effect, tumors have been found to have leaky vasculature allowing
for the accumulation of particles ranging from 10 to in some cases 500 nm in size;>? however, most
sources recommend that the size of particles should be between 10 and 100 nm to participate in
the EPR effect.*® At the same time, the tumors have also been shown to have poor clearance
through the lymphatic system, which results in the retention of the particles in the tumor and allows
for a chance to release the drug from the nanocarriers. Many of the drug delivery systems designed

currently are aimed at taking advantage of this passive targeting mechanism. It is also possible to



have active targeting of these drug delivery systems through the use of antibodies, proteins,
peptides, carbohydrates, vitamins, and nucleic acids.>?->* Carbohydrates such as glucose, mannose,
galactose, and lactose have been used to functionalize for active targeting. Antibody targeting has
also been used by attaching the antibodies to the end group of the micelle or nanoparticle forming
polymer.>® Another common method used for active targeting is the use of folates due to the
overexpression of folate in many cancer cells. Peptides such as those containing the arginyl-glycyl-
aspartic acid (RGD) sequence have also been used. In some cases, transferrin and aptamers have

been used for targeting as well.>*

1.5 Nonstimuli-responsive Polyester Nanocarriers

There are several different types of polymers that have been synthesized for drug delivery
that are based on polyesters. Some of these polymers have sophisticated designs where they can
release the encapsulated drug depending on the surrounding stimuli, referred to as stimuli-
responsive nanocarriers. However, the field of polyester nanocarriers includes many different
types of designs including those that are not designed to release through external stimuli, but
instead rely on erosion to release the encapsulated drug at the targeted site. Many studies in the
last few years have focused on the encapsulation and delivery of drugs other than anticancer drugs
or the delivery of genes or nucleic acids. Herein, the focus is on polyesters that are used for the
delivery of anticancer drugs.

Some effort has been directed toward a combination drug loading using an anticancer drug
with another therapeutic agent to improve cancer treatments. Qian and coworkers recently
prepared PLA-b-polyethylene glycol (PEG) micelles for combination loading of the anticancer

drug Paclitaxel (PTX) and p-lapachone, a cytotoxic agent that is bioactivated by
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NADP(H):quinone oxidoreductase 1 (NQO1), which is an enzyme that has been known to be
elevated in a number of tumors including pancreatic cancer, liver cancer, and breast cancer.
Through coloading, the encapsulation in PEG-b-PLA micelles was increased and the combination
of the drugs showed strong synergistic cytotoxic effects in NQO1-overexpressing cancer cells.*
Tu and coworkers reported coloading of PTX and docetaxel (DTX) in PEG-b-PLA micelles to
investigate the effect of the combination of the two drugs on the stability of methoxy PEG-b-
poly(p,.-lactide) (MPEG-b-PLA) micelles compared to micelles loaded with a single drug. Their
results showed that when the micelles were coloaded with the two drugs that the stability was
increased and that there was also a complete and faster drug release compared with the single
loaded micelles. There was also an increase in drug loading content shown for both of the drugs
when loaded in combination.®’

Mixed micelles are another drug delivery method that has received attention as well. In
2015, Lo and coworkers reported mixed micelles for the delivery of doxorubicin (DOX) using a
combination of a-tocopheryl succinate (vitamin E analogue) containing graft copolymers,
poly(hydroxypropyl methacrylamide-g-a-tocopheryl succinate) (PHPMA-g-a-TOS), and diblock
copolymers, mPEG-b-PLA. a-Tocopheryl succinate was used because it has been shown to have
antitumor properties. The mixed micelles were shown to have greater stability and also presented
low risk to L929 normal cells while exhibiting high toxicity toward HTC116 colon cancer cells.%®
Nanoparticles of mixed molecular weight PEG-b-PCL have also been reported by Burt and
coworkers for the encapsulation of PTX and DTX and showed high incorporation of the drugs and

controlled release over 14 days.*
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There have been many polyester nanocarriers that have been developed in recent years with
targeting units as well. Zhai and coworkers reported daunorubicin delivery using cyclic RGD-
decorated PEG-b-PLA micelles and Sun and coworkers reported the delivery of curcumin using
RGD-functionalized PEG-b-PLA micelles.®%%! Cheng and coworkers reported poly(Lac-OCA)-b-
{poly[Tyr(alkynyl)-OCA]-g-mannose} micelles, prepared through the ROP of O-
carboxyanhydrides (OCAs) that are derived from amino acids, for the targeted delivery of DOX.
The mannose moiety allows for targeting of cancer cells that specifically express mannose
receptors.®? Bikiaris and coworkers reported folate-pegylated polyester nanoparticles using folic
acid (FA)-functionalized PEG-b-poly(propylene succinate) that are more selective in targeting
tumors overexpressing the folate receptor such as those in breast cancer.®

Different architectures have been used for polyester nanocarriers as well including star
polymers, worm-like micelles, and polymersomes. Unimolecular star-like block copolymers
synthesized from a cyclodextrin core were reported by Wang and coworkers. The hydrophobic
PLA block was formed through the ROP of rac-lactide using 4-dimethylaminopyridine as the
catalyst, and the hydrophilic PEG block was attached through atom-transfer radical polymerization
(ATRP) after 2-bromoisobutyryl bromide was reacted with the terminal hydroxyl groups to form
the ATRP macroinitiator. The 21-arm unimolecular micelles were then used for DOX
encapsulation and were able to achieve a loading content of up to 10%.% Filomicelles, or worm-
like micelles, were prepared by Marcinkowski and coworkers with diblock copolymers of PLA-b-
PEG and the micelles were formed through a co-solvent evaporation method. The filomicelles
were characterized with transmission electron microscopy and atomic-force microscopy and

showed a highest drug loading content of 11.3%.%° Polymersomes were formed by PCL-b-PEG
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block copolymers by van Hest and coworkers through the new method of direct hydration of a
highly concentrated block copolymer and oligo(ethylene glycol) solution.®® The non-stimuli

responsive polyesters discussed in this section are shown in Figure 1.2.

P(HPMA)-g-a-TOS

Figure 1.2. Non-stimuli responsive polyesters a) poly(hydroxypropyl methacrylamide)-g-o-
tocopheryl succinate) b) poly(Lac-OCA)-b-poly(Tyr(alkynyl)-OCA-g-mannose ¢) -CD-PLA-
POEGMA 21-arm star-like polymer

There is still a lot of focus on nonstimuli-responsive nanocarriers in the field, although
most of the research efforts are focused toward new loading methods, different architectures, or
by trying to achieve delivery through more active targeting by attaching targeting moieties to the

shell of the micelles or nanoparticles. The majority of the work in the field of polyester drug

delivery vehicles, however, is focused on the stimuli-responsive nanocarriers.
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1.6 Stimuli-responsive Polyester Nanocarriers

1.6.1 pH Responsive

pH-triggered drug release has become an important research direction due to the apparent
change in pH in normal tissue versus cancer tissue. The physiological pH in normal/healthy tissue
is ~7.4, while the extracellular environment of solid tumors is between 6.5 and 7.2.5° The main
strategies for pH-responsive systems are to use polymers that have ionizable groups and undergo
either changes in conformation, stability, or both or to use polymeric systems that have acid-
sensitive bonds.

In order to utilize this change in pH as a trigger, pH-labile functional groups must either be
present in the polymer backbone or they must be conjugated to the polymer backbone. Polymers
containing amines, acetal/ketal groups, hydrazine/imide bonds, B-propionate, and so forth are
some of the acid-labile linkages used in pH-triggered release, which will undergo degradation or
solubility changes with the pH gradient. Because of the presence of these acid-sensitive linkages,
the anticancer drugs can be effectively delivered to the tumor site without any leakage of the cargo
under physiological pH, thus sparing the healthy tissue from the adverse effects of the anticancer
drugs. After endocytosis occurs in the cancer cells, the acid-labile linkages will undergo changes
releasing the anticancer drug, which would lead to apoptosis and subsequent cell death.®”-¢8

The use of poly(p-amino esters) (PAE) has been investigated for pH-sensitive drug delivery
due to the change in solubility of PAE segments at different values of pH as a consequence of
protonation and deprotonation of the amine groups, which results in a pH-sensitive polymer.8” 7
The amphiphilic triblock copolymer poly(-amino ester)-g-PEG methyl ether-cholesterol (PAE-

g-mPEG-Chol) reported by Zhang et al. had an increased cumulative release of the anticancer drug
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up to ~85% after 24 h when the pH was 6 when compared to 33% at a pH of 7 during the same
amount of time. When the tertiary amine groups in PAE segments protonate, they facilitate the
transformation from hydrophobic to hydrophilic, which leads to a loose and swollen micelle
structure. Also, the strong electrostatic repulsion between the PAE units after protonation
increased the charge density on the micelle surface leading to the loose micelle structure. Hence,
an increase in particle size with the decrease in pH has been observed, resulting in the release of
the anticancer drug.”® Wang and coworkers have observed similar phenomena with their
poly(RGD-co-B-amino ester) copolymers where the drug release of ~80% was observed when the
pH was 5.8

It has been found that the charge on the surface of the micelle has a higher impact on blood
circulation, nuclear localization functions, and membrane transduction. Having negatively charged
corona in the micelles helps improve prolonged blood circulation time, while, as the cell membrane
is negatively charged, cell internalization of the negatively charged micelles will be poor.
Positively charged micelles will have a higher affinity to the cell membrane and thus will have
rapid internalization; however, these micelles tend to aggregate and have rapid clearance after
injection, as a result of nonspecific interactions with blood components. These concepts have been
tested by Zhang and coworkers where they have synthesized copolymers of mPEG-b-poly(e-
caprolactone-co-y-dimethyl maleamidic acid-e-caprolactone) [MPEG-b-P(CL-co-DCL)] having
varying amounts of acid-labile pB-carboxylic amides. Because of the presence of B-carboxylic
amides, the micelles will be negatively charged and they have obtained increased drug loading
efficiency (DLE) with DOX ~84%. When the pH drops below 6, the hydrolysis of the -carboxylic

amides results in a positively charged micelle, which allows rapid internalization as well as
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controlled drug release due to charge reversal-induced electrostatic repulsion between the micelle
and DOX giving a cumulative release of >90% within 6h.%® Poly(ethylene oxide)-b-PCL-b-
poly(acrylic acid) (PEO113-b-PCL132-b-PAA1s) triblock copolymer synthesized by Du and
coworkers had a cumulative drug release of ~75% in 8 h. However, the DLE was only 38%. PAA
was used for rapid endosomal escape as it enhances the loading and stabilization of DOX."

A star quintopolymer comprising poly(ethylene glycol) (PEG, A), poly(e-caprolactone)
(PCL, B), polystyrene (PSt, C), poly(.-lactide) (PLLA, D), and poly(acrylic acid) (PAA, E)
segments was reported by Zhao and coworkers where the ABCDE star quintopolymer exhibits a
DLE of ~40% and a cumulative release of ~50% within 75 h with DOX. The PAA block is the
pH-sensitive segment and the drug release occurs when the micelle is in an acidic medium.”?

Core-crosslinked, pH-responsive, polymeric micelles were fabricated by Lee and
coworkers. The core crosslinks were obtained with catechol and Fe3* ions. PEG-b-poly(l-3,4-
dihydroxyphenylalanine) (PEG-b-PDOPA) were core-crosslinked after the formation of the
micelles with Fe®* ions at pH 7.4. At pH 5, the catechol-Fe** will be partially broken and the
anticancer drug will be released. A cumulative release of ~60% DOX was obtained in a period of

24 h.” Figure 1.3 shows the pH responsive polyesters that have been discussed in this section.

1.6.2 Reduction Sensitive

Disulfide linkages are known to be bio-reducible, as they are reduced to thiols in
intracellular environment in response to reductive reactions. Glutathione (GSH), a tripeptide
containing cysteine with a thiol pendant group, is responsible for this reduction.”* The
concentration difference of the GSH between the normal cells and cancer cells has attracted much

attention for the controlled release of the anticancer drugs into the tumor site. It has been found
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Figure 1.3. pH responsive polyesters with pH responsive units highlighted in green.

that the concentration of GSH in cancer cells is about four times higher than that in normal cells
(2-10 mM) and the extracellular environment has a GSH concentration as low as ~2-20 mM."+""
This gives an excellent window to release the anticancer drug preferentially in the tumor site in
response to the cleavage of disulfide linkages. In vitro studies are sometimes carried out using 1,4-
dithiothreitol (DTT) as the reducing agent.

The disulfide linkage can be positioned either (1) at a junction of a block copolymer, (2)
as a crosslinker in the nanoparticle, (3) in a pendant group of the polymer, or (4) on the polymer

backbone. The triblock copolymer comprising PLA and PEG blocks synthesized by Cunningham
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et al. has the disulfide linkage between two PLA blocks, thus PEG-b-(PLA-ss-PLA)-b-PEG. This
disulfide linkage in the presence of a reducing environment (GSH = 10 mM) will cleave; however,
the polymer remains amphiphilic. Thus, the micelle will increase in size facilitating the release of
the anticancer drug.”

Shen and coworkers reported a core-crosslinked micelle with the use of PEG-b-poly][(e-
caprolactone)-co-(5,5-diazidomethyl  trimethylene carbonate)] (mPEG-b-PDATCL). The
reductive responsive drug delivery system was obtained by in situ core-crosslinking of the micelles
with propargyl 3,3-dithiopropionate. Reductive cleavage (with DTT =10 mM) of the disulfide
linkages will lead to de-crosslinking and as such, the drug will be released.”® Halila and coworkers
synthesized a series of chitosan oligosaccharide-grafted PCL (PCL-g-COs) with pendant azide
groups in the PCL backbone. These azide groups were crosslinked with bis[(propargyl
carbamate)ethyl] disulfide (Cys-alkynyl) after micelle formation. The formed micelles were shown
to degrade in the presence of GSH (10 mM).”® An amphiphilic multiblock copolymer containing
hydrophilic PEG and hydrophobic poly(butylene mercaptosuccinate) (PBMS) segments was
synthesized by Zhu and coworkers. After formation of micelles with the amphiphilic multiblock
copolymer (PEG-PBMS) the pendant thiol groups were crosslinked with H20.. In the presence of
a reductive environment (DTT =10 mM), due to the cleavage of the core-crosslinks, the drug will
be unloaded.®

Farokhzad and coworkers synthesized a polyester with disulfide linkages in the
hydrophobic block while PEG was used as the hydrophilic block. In response to reduction, the
disulfide linkages in the hydrophobic block will break causing loss in hydrophobicity of the

micelle and thus the micelle will break apart releasing the anticancer drug.””
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A core-shell-corona micelle was fabricated by Liu and coworkers using PEG-b-
poly(acrylic acid-co-tert-butyl acrylate)-PCL [PEG43-b-P(AA30-co-tBA18)-b-PCL53] triblock
copolymer. The acrylic acids are crosslinked with cystamine with the formed micelles, which
result in a core-shell-corona micelle. The shell consisting of the disulfide linkages will be reduced
with GSH, thus premature drug release during blood circulation will be lowered and a faster drug
release within the cancer cell has been observed.?!

Micelles with dual disulfide linkages were reported by Oh and coworkers. The dual
disulfide linkages were located both in the hydrophobic PLA core and at the core/corona interface
between PLA and polymethacrylate blocks containing pendant oligo(ethylene oxide) (POEOMA).
The disulfide linkages in POEOMA-ss-(PLA-ss-PLA)-ss-POEOMA triblock copolymer (DL-
ssABP) undergo reduction and the linkages were cleaved in response to GSH, shedding the
POEOMA coronas from the PLA cores and degrading the PLA cores. This degradation of DL-
ssABP micelles facilitates the rapid release of the drug at the tumor site.”

A four-armed star-shaped micelle was fabricated by Zhou and coworkers using a PCL-
PEG copolymer having the disulfide linkages between the two blocks. When the disulfide linkages
undergo reduction in the presence of GSH, the two blocks will break apart disassembling the
micelle, which facilitate the drug release. Targeting was achieved by using FA in the hydrophilic

block.”™ The structures of the reduction responsive polyesters mentioned are shown in Figure 1.4.
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Figure 1.4. Reduction sensitive polyesters with reduction sensitive units in orange.

1.6.3 Temperature Responsive

Thermoresponsive systems in drug delivery have been widely investigated for stimuli-

responsive systems. Thermosensitive nanocarriers ideally will retain their load at physiological

temperature and release the drug within a tumor once external temperature is applied to induce

local hyperthermia.®® Polymers exhibiting lower critical solution temperature (LCST) or upper

critical solution temperature (UCST) are used as polymers for thermoresponsive drug delivery

systems. Polymers that exhibit LCST become insoluble in water above a certain temperature

causing it to undergo a coil-to-globule transition. On the other hand, polymers exhibiting UCST
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will undergo a globule-to-coil transition above the UCST and thus become soluble in water.?* 82
When this phenomenon is used in thermoresponsive drug delivery nanocarriers, due to either one
of the two mechanisms, the anticancer drug will be released. There are other thermoresponsive
systems that have been developed as well, including a polyester from Avgoustakis and
coworkers,® in which the melting point of the polymer governs the drug release. However, the
most studied out of these systems are the polymers exhibiting LCST, with poly(N-
isopropylacrylamide) (PNIPAAmM) as the most widely used thermoresponsive polymer in
biomedical applications, which has an LCST of 32 °C.82:84-8

PCL-g-PNIPAAmM synthesized by Bao and coworkers has an LCST of 35 °C for PCL10-g-
PNIPAAM7 ek and 32.5 °C for PCL20-g-PNIPAAmM76x and the polymers have shown to aggregate
above the LCST.%* Stefan and coworkers reported two thermoresponsive polymers containing
poly{y-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-¢-caprolactone} (PMEEECL) as the
thermoresponsive segment. Block copolymers synthesized with y-(2-methoxyethoxy)-e-
caprolactone as the hydrophobic block had LCSTs in the range of 31-43 °C.28° The LCST of
diblock terpolymers of PMEEECL-b-(PCL-co-PMECL) was in the range of 29-54 °C.2* All these
polymers were shown to aggregate above the LCST. An ABA-type triblock copolymer, P2, was
synthesized by Ghosh and coworkers, where it showed an LCST of ~35 °C.%

An amphiphilic poly(acrylamide-co-acrylonitrile)-g-PEG [poly(AAm-co-AN)-g-PEG]
with a UCST of 43 °C was synthesized by Du and coworkers, where the polymer self-assembled
into micelles and showed thermally sensitive drug release.? The structures and transition

temperatures of these thermoresponsive molecules are shown in Figure 1.5.
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Figure 1.5. Thermoresponsive polyesters with thermoresponsive units highlighted in blue and
their respective LCST or UCST values.

1.6.4 Light Sensitive

Light, being an external stimulus for stimuli-responsive nanoparticles, provides more
control over the drug release at the specific site (spatial control) and at the correct time (temporal
control). This remotely controlled process can be switched on and off as desired to release the pay
load. The irradiation is carried out by ultraviolet (UV), visible, or near infrared (NIR) light.
Generally, light-responsive polymeric material that contains pendant groups undergoes a certain
transformation in response to light. The type of photoresponsive group and its location in the

nanoparticle is important. For instance, these groups can be in the micellar core, corona, or in the

22



core-corona interface, with the majority found in the corona. In response to light these
nanoparticles can undergo irreversible or reversible changes.®’-8

UV-sensitive polymeric nanoparticles were prepared by Wang and coworkers using
photodegradable linkers, 5-hydroxy-2-nitrobenzyl alcohol (ONB), as junction points between
hydrophilic dextran (Dex, or maltodextrin, MDex) and hydrophobic poly(4-substituted-e-
caprolactone) (PXCL) chains. The synthesized polymers are in the form of Dex-ONB-PXCL and
MDex-ONB-PXCL. The photolabile ONB in the polymer backbone will be cleaved in response to
UV irradiation disassembling the polymeric micelles and releasing the loaded drug.®’

Xu and coworkers reported an amphiphilic azobenzene-containing diblock copolymer AZO-
mPEG-poly(5). When the azobenzene group undergoes a trans—cis isomerization in response to
UV irradiation, the hydrophobicity of the micelle changes and thus releases the cargo. If visible
light is shone afterward, the micelles would reassemble due to the cis—trans isomerization. This
back and forth isomerization of the azobenzene group has been used for the drug release in a
88

controlled manner. This phenomenon was demonstrated using scanning electron microscopy.

These light responsive polyesters are shown in Figure 1.6.

1.6.5 Multi-stimuli Responsive

Recently, polymeric nanoparticles that undergo changes in response to two or more stimuli
have garnered much attention because they give unprecedented control over drug release. Among
the combinations, pH/redox and pH/temperature are widely used.

A series of dual pH- and temperature-responsive block copolymer micelles were prepared
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with PCL and poly(triethylene glycol) as hydrophobic and hydrophilic blocks, respectively, by Jen
and coworkers. The hydrophilic block was copolymerized with an amino acid-functionalized
monomer to obtain pH sensitivity. When poly(triethylene glycol) was copolymerized with 6-
aminocaproic acid (ACA) an LCST of 48.2 °C at pH 7.4 and an LCST of 35.6 °C at pH 5.3 were
obtained. Thus, during circulation the micelles will be well dispersed and stable. Once cell
internalization takes place the pH will be lowered (<6). As the LCST of the polymer is 35.6 °C at
pH 5.3, the polymer chains will coil together inside the cell releasing the anticancer drug.?® The
block copolymer synthesized by Wang and coworkers exhibited dual responsiveness in a similar
manner as mentioned above. The PCL-b-poly(methyl ethylene phosphate-co-ethyl ethylene
phosphate) with a carboxyl end group [PCL23-b-P(MEPss-co-EEPg0)-COOH] showed an LCST of
40 °C at pH 7.4 and an LCST of 28 °C at pH 5.5.%° A mixed-shell polymeric micelle was reported
by Zhang and coworkers using diamino-triazine-terminated PCL (DAT-PCL), uracil-terminated

mPEG (mPEG-U), and uracil-terminated poly(N-vinylcaprolactam) (PNVCL-U). In agueous
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media, these will form hydrogen bonding between DAT-PCL and mPEG-U or DAT-PCL and
PNVCL-U and will form a mixed micelle. PNVCL-U has an LCST of 32 °C; thus, in the
physiological pH, the PNVCL will collapse onto the PCL core protecting the drug inside the core.
When at intracellular pH, due to the breakage of the hydrogen bonds, the micelles will disassemble
and the drug will be released.®*

PEG-PCL-PNIPAAm star terpolymer synthesized by Chen and coworkers self-assembles
into vesicles in aqueous media and is dually responsive to pH and reduction environments. Because
of the cleavable behavior of the star terpolymer in the presence of DTT, the polymer vesicle will
undergo gradual dissociation releasing the drug.®? Zhou and coworkers reported a terpolymer with
mMPEG, PLA, and polyethylenimine (PEI). PEl and PLA were connected by redox-sensitive
disulfide linkages. The mMPEG-PLA-ss-PEI terpolymer was reacted with FA and 2,3-
dimethylmaleic anhydride to obtain active targeting and pH responsivity, respectively. As
explained previously, the micelles formed from this terpolymer will exhibit charge reversal in
response to acidic environments due to the presence of the carboxylic groups in the PEI chains.
After cell internalization due to charge reversal, the micelle will migrate into the cytoplasm from
the lysosome via a proton-sponge effect and the PEI will shed in response to a higher concentration
of GSH, releasing the anticancer drug.*®

A polyrotaxane-containing triblock copolymer was synthesized by Feng and coworkers
using PCL, PNIPAAm, and a-cyclodextrins (a-CD). PNIPAAmM acts as the thermoresponsive
segment and an azobenzene group was attached to the polyrotaxane block by the hydroxyl group
conjugated to a-CD to obtain light responsivity. This dual temperature and light-responsive

triblock copolymer has a trans—cis isomerization of the azobenzene group in response to UV light
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at 365 nm. An LCST of 32.8 °C was reported for this polymer and they have observed an increased
drug release of ~90% above the LCST.%

A multiresponsive polymer reported by Ren and coworkers consists of thermoresponsive
poly{[2-(2-methoxyethoxy)ethyl  methacrylate]-co-oligo(ethylene  glycol)  methacrylate}
[poly(MEO2MA-co-OEGMA)], pH-responsive hydrogen bonding between PCL-adenine (PCL-
A) and PEG-uracil (PEG-U), and redox-sensitive disulfide linkages between PCL and
poly(MEO2MA-co-OEGMA). When the poly(MEO2MA-co-OEGMA)-ss-PCL-A: U-PEG
micelles were in a pH 5 medium with a salt concentration of 0.12 M, they have observed a rapid
release of Nile red due to the breakage of the hydrogen bonds, disassembling the micelle. In a
reductive environment with DTT, a cumulative release of ~70% was obtained due to the reduction
of disulfide linkages leading to deformation in the micelle, triggering drug release. When the
micelle solution was heated to 45 °C, due to aggregation of thermoresponsive poly(MEO2MA-co-
OEGMA), the micelle will be deformed and the drug is released.®® The structures of the

multiresponsive polyesters discussed are presented in Figure 1.7.

1.7 Conclusions

Although polyesters have been studied extensively, there are still many more avenues for
improvement and new possibilities. The majority of the current research is focused on improving
these materials by either increasing their uptake into tumor cells through the addition of targeting
moieties, such as FA, RGD peptides, or carbohydrates. Additionally, there has been an effort to
change the nature of the material itself to respond to external stimuli for the release of the drug.
There are many types of stimuli that can be used for the release of the drug, including pH,

temperature, reduction, and light. Attention is shifting to focus on materials that are either dual-
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Figure 1.7. Multi-stimuli responsive polyesters for drug delivery applications, responsive units
are highlighted in various colors to clarify their functionality (pH = green, light = purple,
temperature = blue, and reduction = orange.
responsive or multiresponsive, due to the versatility that these new materials provide. Though there
is also some motivation to use existing materials, such as the simple amphiphilic block copolymer
PLA-b-PEG, for new applications such as in combination delivery of synergistic drugs as well as
in combination with other polymers in mixed micelles.

There are still many directions that can be improved upon or explored in the field of aliphatic

polyesters for drug delivery purposes. Yet, it is important to consider the limitations of these

materials as well. New polymers that are developed as drug carrier systems should be easily
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reproduced and should be feasible in the means of time and money for production if they are ever
to make it through clinical trials and eventually to commercial use. Polymeric nanocarriers should
also be stable in vivo and allow for enough drug loading to deliver an appropriate dose. With the
addition of substituents to afford tunability to the polymer, it is important to consider not only the
biocompatibility of the polymer itself but also of any products that might be formed during
degradation. Even with all of the progress and research that has been done in this field, there is

still more to be explored and improvements that can be made.
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2.1 Abstract

Linear and star-like amphiphilic diblock copolymers were synthesized by the ring-opening
polymerization of &-caprolactone and y-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-g-caprolactone
monomers using zinc undecylenate as a catalyst. These polymers have potential applications as
micellar drug delivery vehicles, therefore the properties of the linear and 4-arm star-like structures
were examined in terms of their molecular weight, viscosity, thermodynamic stability, size,
morphology, and drug loading capacity. Both the star-like and linear block copolymers showed
good thermodynamic stability and degradability. However, the star-like polymers were shown to
have increased stability at lower concentrations with a critical micelle concentration (CMC) of
5.62 x 10* g L™, which is less than half the concentration of linear polymer needed to form
micelles. The star-like polymeric micelles showed smaller sizes when compared with their linear
counterparts and a higher drug loading capacity of doxorubicin, making them better suited for drug

delivery purposes.

2.2 Introduction

There have been many efforts on developing more efficient drug delivery systems to
increase the efficacy of hydrophobic anticancer drugs. For this purpose, aliphatic polyesters, such
as poly(caprolactone)s, poly(lactide)s, and poly(glycolide)s, have been studied extensively. These
materials are attractive due to their biocompatibility and biodegradability.1% 23 %190 Among these,
poly(caprolactone)s are one of the most attractive materials due to their tunability of properties
through the addition of substituents in the y-position.!® 2> % The modification of the polymer

backbone by the introduction of various functionalities can alter the chemical and mechanical
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properties of the polymer, such as influencing the hydrophobicity or hydrophilicity of the polymer
chain or imbuing the polymer with stimuli responsive properties. Poly(caprolactone)s are often
used in amphiphilic block copolymers for use in micellar drug delivery systems. These polymeric
micelles, if they are between the sizes of 10 and 100 nm, can participate in passive targeting for
the delivery of anticancer drugs to tumor sites. Due to the leaky vasculature and poor clearance
through the lymphatic system in some tumors, particles of this size tend to accumulate in tumor
sites because of the enhanced permeability and retention (EPR) effect.*® 1% Polymeric micelles
allow for a more efficient delivery of anticancer drugs which have poor water solubility and assist
in protecting healthy cells against their toxic effects.

In the case of poly{y-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-e-caprolactone}, the addition
of the oligo ethylene glycol substituent has been shown to afford hydrophilicity as well as
thermoresponsivity.?* 8% 102-103 This bjodegradable and biocompatible polymer can be used as the
hydrophilic block in amphiphilic block copolymers that will self-assemble in aqueous
environments to form micelles for drug delivery applications. Traditionally, poly(ethylene glycol)
(PEG) is often used for the hydrophilic block in amphiphilic block copolymer systems.%
However, although PEG is biocompatible, it is not biodegradable. Therefore, MEEECL offers the
additional advantage of biodegradability through hydrolysis. Although MEEECL has been shown
to have thermoresponsivity, the tunability of the lower critical solution temperature (LCST) is
highly dependent on the hydrophobic portion of the block copolymer.10%-103 195 Depending on the
polymer used for the hydrophobic portion of the amphiphilic block copolymer, the LCST is not

always in an appropriate range for biological applications.
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Another class of polymers that have garnered significant attention for drug delivery
systems are star-like polymers, due to the different properties that they exhibit compared with their
linear counterparts. Star-like polymers have been shown to have lower solution viscosity, higher
density of functionalities, and unique topological structures when compared with their linear
counterparts of similar molecular weights.%*2 Micelles generated from amphiphilic star-like
polymers have also been shown in some cases to have higher drug loading capacities which are
more efficient for drug delivery applications.'% 113 There are two classifications of star polymers,
regular star polymers (homoarm) and miktoarm star polymers (heteroarm). Miktoarm star
polymers have received significant attention recently for applications in biomedicine and
nanotechnology.'* However, obtaining well defined miktoarm star polymers is challenging, due
to complicated synthesis and purification procedures. There are several ways that star-like
polymers can be synthesized including core-first, arm-first, and coupling-onto approaches.'°": 11°
The core-first approach involves growing the polymer chains from a multifunctional initiator core.
This strategy can be used to synthesize block copolymers through a controlled coordination—
insertion ring-opening polymerization using a multifunctional alcohol initiating species such as
pentaerythritol and an organometallic catalyst such as zinc, tin, or aluminum alkoxides.* Usually
amphiphilic star-like polymers involving g-caprolactone have PEG as the hydrophilic block. In
order to synthesize block copolymers in this way, either the arm-first method or a core-first
approach is employed. In the arm-first method, the block copolymers would first be synthesized
before coupling to a core to form the star-like polymer,''® while in the core-first method the
hydrophobic block is synthesized through the ring-opening polymerization of e-caprolactone

followed by coupling PEG through end groups to the star-like PCL core,**"118
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Tin(I1) 2-ethylhexanoate is one of the most widely used catalysts for coordination—insertion
ring-opening polymerizations which promotes a living polymerization with well-defined
molecular weights. Moreover, tin(ll) 2-ethylhexanoate is approved by the FDA as a food
additive.*'® However, another promising catalyst for coordination—insertion polymerization is zinc
undecylenate (ZU). Zinc catalysts are typically less toxic than tin catalysts and zinc participates in
human metabolism.'? Additionally, zinc undecylenate has been shown to provide living
polymerization of e-caprolactone.*® Typically, zinc undecylenate is used as an antifungal agent
along with undecylenic acid. It has several advantages over tin(ll) 2-ethylhexanoate in that it is
relatively inexpensive, does not require further purification, and is easily removed after
polymerization through precipitation of the polymer in hexane. Star-like block copolymers can be
synthesized in a straightforward manner via coordination—insertion polymerization using zinc
undecylenate as the catalyst with a multifunctional alcohol initiator through sequential monomer
addition.

Herein, the synthesis of linear and star-like amphiphilic block copolymers based on
poly(caprolactone)s using zinc undecylenate as a catalyst is reported. The amphiphilic block
copolymers were synthesized as shown in Scheme 2.1. The properties of the two polymers were
investigated for their applicability in drug delivery systems. The size, stability, and drug loading
capabilities of polymeric micelles are critical when predicting their ability to function as a
successful vehicle for the delivery of anticancer drugs in vivo. Star-like polymers of similar

molecular weights to their linear counterparts have been reported to have improved stability and
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Scheme 2.1. Ring-opening polymerization of MEEECL and e-caprolactone monomers using zinc
undecylenate and either benzyl alcohol or pentaerythritol as initiators to form linear and star-like
block copolymers.
drug loading, therefore it was predicted that 4-arm star-poly(g-caprolactone)-b-poly{y-2-[2-(2-
methoxy-ethoxy)ethoxy]ethoxy-e-caprolactone} (PCL-b-PMEEECL) would have improved
properties compared to the linear PCL-b-PMEEECL counterpart. The 4-arm star polymer was
synthesized using a pentaerythritol initiator, while the linear equivalent was synthesized using a
benzyl alcohol initiator. These polymers were compared using various parameters, including

CMC, micellar size, and stability, and drug loading capacity, to determine their applicability as

micellar drug carriers.
2.3  Experimental

2.3.1 Materials

All commercially available chemicals were purchased from Sigma-Aldrich or Fisher

Scientific and used without further purification unless otherwise noted. Benzyl alcohol was
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purified by vacuum distillation prior to use. e-Caprolactone was purified by distilling over calcium
hydride. All polymerization reactions were conducted under purified nitrogen. The polymerization
glassware and syringes were dried at 120 °C for at least 24 h and cooled in a desiccator prior to

use.

2.3.2 Analysis

'H NMR spectra of the synthesized monomers and polymers were recorded on a Bruker AVANCE
111 500 MHz NMR instrument at 25 °C in CDCls. *H NMR data are reported in parts per million
as chemical shifts relative to tetramethylsilane (TMS) as the internal standard. GC/MS was
performed on an Agilent 6890-5973 GC/MS workstation. Molecular weight and polydispersity
indices of the synthesized polymers were measured by size exclusion chromatography (SEC)
analysis on an OMNISEC multi-detector system equipped with Viscotek columns (T6000M),
connected to a refractive index (RI), low angle light scattering (LALS), right angle light scattering
(RALS), and viscosity detectors with HPLC grade THF as the eluent, and triple point calibration
based on polystyrene standards. Fluorescence spectra of the synthesized polymers were collected
with a Perkin-Elmer LS 50 BL luminescence spectrometer at 25 °C with emission wavelength set
at 390 nm. Dynamic light scattering (DLS) measurements were performed using a Malvern
Zetasizer Nano ZS instrument equipped with a He—Ne laser (633 nm) and 173° backscatter
detector. Transmission electron microscopy (TEM) imaging of the DOX-loaded micelles was
performed on a Tecnai G2 Spirit Biotwin microscope by FEI and images were analyzed using
Image J software. Samples were prepared by treating copper mesh grid with 1 mg mL™" aqueous

polymer micelle solution for 2 min, followed by staining with 1% phosphotungstic acid for 30 s.
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Absorbance spectra for DOX loading determination was recorded using an Agilent UV/Vis

spectrophotometer.

2.3.3  Synthetic Procedures

The synthesis of the monomer y-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-e-caprolactone
(MEEECL) was carried out according to previously reported procedures.'%?
Synthesis of Linear Poly(e-caprolactone)-b-poly{y-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-e-
caprolactone}

e-Caprolactone (0.20 g, 0.0018 mol) was added directly into a Schlenk flask and left
stirring under vacuum for 1 h. Benzyl alcohol (0.0025 g, 2.3 x 107> mol) in toluene (0.1 mL) was
added under nitrogen atmosphere with zinc undecylenate (0.01 g, 2.3 x 107> mol) in toluene (0.2
mL). The reaction flask was left stirring and introduced to a thermostatted oil bath at 110 °C for
4.5 h until the monomer was consumed as determined by GC/MS. At that time, y-2-[2-(2-
methoxyethoxy)ethoxy] ethoxy-g-caprolactone (0.5 g, 0.0018 mol) was added to the Schlenk flask
under a nitrogen atmosphere and the reaction was left stirring at 110 °C overnight. The reaction
mixture was dissolved in a small amount of THF and then the polymer was recovered by
precipitation in hexane followed by re-precipitation in methanol.
IH NMR (500 MHz, CDCls, 8): 1.382 (m, 10H), 1.561 (m, 17H), 1.642 (m, 19H), 1.805 (m, 4H),
2.305 (t, 9H), 2.380 (m, 2H), 3.377 (s, 3H), 3.491 (m, 1H), 3.635 (M, 12H), 4.059 (t, 9H), 4.163

(m, 2H); My (SEC): 9300, PDI = 1.225.
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Synthesis of 4-Arm Star-like Poly(e-caprolactone)-b-poly{y-2-[2-(2-methoxy-
ethoxy)ethoxy] ethoxy-¢-caprolactone}

e-Caprolactone (0.41 g, 0.0036 mol) was added directly into a Schlenk flask and left
stirring under vacuum for 1 h. Pentaerythritol (0.006 g, 4.5 x 107> mol) was added under nitrogen
atmosphere and allowed to stir for 10 min to fully dissolve before adding zinc undecylenate (0.077
g, 1.8 x 10~* mol) in toluene (0.5 mL). The reaction flask was introduced to a thermostatted oil
bath at 110 °C for 4.5 h until the monomer was consumed as determined by GC/MS. At that time,
v-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-¢-caprolactone (1.0 g, 0.0036 mol) was added to the
Schlenk flask under a nitrogen atmosphere and the reaction was left stirring at 110 °C overnight.
The reaction mixture was dissolved in a small amount of THF and then the polymer was recovered
by precipitation in hexane followed by reprecipitation in methanol.
IH NMR (500 MHz, CDCls, 8): 1.380 (m, 5H), 1.641 (m, 15H), 1.818 (m, 4H), 2.303 (t, SH),
2.383 (m, 2H), 3.372 (s, 3H), 3.460 (m, 1H), 3.589 (m, 12H), 4.056 (t, 5H), 4.159 (m, 2H). M

(SEC) = 12400, PDI = 4.324.

2.3.4 Characterization

Preparation of Micelles

Polymeric micelles were formed through nanoprecipitation and dialysis. The polymer (5
mg) was dissolved in THF (0.4 mL) and added dropwise to 5 mL of water under sonication. The
resulting micelle suspension was transferred to SnakeSkin® dialysis tubing (MWCO 3500 Da)
and dialyzed against a minimum of 1500 mL deionized water over a 24-h period. The final contents
of the dialysis tubing were filtered through a Nylon syringe filter (0.22 pm) to obtain a polymeric

micelle solution with a concentration of 1 mg mL™".
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Preparation of DOX Loaded Micelles

DOX-loaded micelles were prepared in a manner similar to the empty micelles. DOX-HCI
was first neutralized by adding three equivalents of triethylamine in DMSO. An aliquot of the
neutralized DOX solution containing 0.5 mg of DOX was added to a polymer solution (5 mg in
0.4 mL DMSOQO). The DOX-polymer solution was then added dropwise into 5 mL of deionized
water under sonication. The resulting suspension was transferred to dialysis tubing and dialyzed
against a minimum of 1500 mL of deionized water over a 24 h period. The contents of the dialysis
tube were finally filtered using a Nylon syringe filter (0.22 um) to obtain a 1 mg mL! solution of
DOX loaded micelles. To determine the drug loading capacity (DLC) and encapsulation efficiency
(EE), the drug loaded micelle solutions were lyophilized and redissolved in DMSO. The
absorbance of the solution at 495 nm was fitted to a pre-established standard curve of DOX in
DMSO.
Determination of CMC

The CMC was determined using pyrene, a hydrophobic fluorescent molecule, as a probe.
Various concentrations of polymer samples were combined with a small amount of pyrene (6.0 x
107 M in THF) in 0.2 mL THF. The polymer/pyrene samples were added dropwise into 10 mL of
deionized water. The resulting solutions were stirred for 4 h to allow micelle assembly and
complete evaporation of THF. The resulting solutions contained concentrations from 1 x 107 to 1
g L' of polymer and a constant concentration of pyrene. Fluorescence spectra of the
polymer/pyrene solutions were collected at 25 °C with emission wavelength of 390 nm. The ratio
of intensities of the pyrene excitation peaks at 337.5 nm and 334.5 nm were recorded and plotted

against the logarithm of the polymer concentration (c). The x coordinate at the intersection of the
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two trend lines before and after the abrupt increase in the lIzs7.s/1334.5 versus log (c) curve was taken
to be the critical micelle concentration.
Dynamic Light Scattering (DLS) Analysis

Aqueous suspensions of micelles were prepared as stated above at a concentration above
the determined CMC, at 1 mg mL'. The micelles were analyzed to determine their hydrodynamic
diameters (Dn) using dynamic light scattering. Prior to measurement, the polymer micelle solutions
were filtered with a 0.22 um nylon syringe filter. Size measurements were recorded at 25 °C in
triplicate.
Demonstration of Polymer Degradation

A sample of polymer (10 mg) was dissolved in 50 mL of PBS (pH 7.4, DNase-, RNase-,
and Protease-Free) and was stirred in a closed system in a thermostatted oil bath at 37 °C over a
period of 7 days. Samples were taken periodically and analyzed by SEC to monitor the change in
Mn, from t = 0 to t = 7 days. The resulting change in molecular weight is plotted as % of initial M,

versus days spent in PBS solution at 37 °C.

2.4 Results and Discussion

A new fully degradable polymer was designed using MEEECL and g-caprolactone (g-CL)
for potential use in drug delivery applications. Zinc undecylenate was used as the catalyst for the
ring-opening polymerizations due to the advantages it provides such as living polymerization and
easy removal by precipitation of the polymers in hexane. In an effort to compare the micellar
properties and drug delivery capabilities of different polymer architectures, linear and 4-arm star-
like PCL-b-PMEEECL polymers of similar compositions and molecular weights were

synthesized. It was hypothesized that the 4-arm star-like polymer would have improved properties

39



when compared with the linear polymer including higher stability, lower viscosity, and improved
drug loading capabilities. The polymer properties, CMC, size, degradation, and drug loading
capacity (DLC), and encapsulation efficiency (EE) for DOX were examined for both polymers to
determine if there was any significant improvement in the properties of the 4-arm star-like polymer

over the linear polymer.

2.4.1 Synthesis and Characterization of Linear and Star-Like Polymers

A linear polymer (LP) was synthesized using benzyl alcohol as the initiator, and the star-
like polymer (SP) was synthesized using multifunctional pentaerythritol as the initiator. The ratios
used in polymerization of the linear and 4-arm star-like block copolymers were catalyst:initiator:g-
CL:MEEECL of 1:1:80:80 and catalyst:initiator:e-CL:MEEECL of 4:1:80:80, respectively. e- CL
was added initially for polymerization to form the hydrophobic segment, and after full
consumption of the monomer as determined by GC/MS, MEEECL was subsequently added and
allowed to polymerize to form the hydrophilic segment for each polymer. The polymerization of
the hydrophobic &-CL is performed first so that the initiator end group will be incorporated into
the hydrophobic core of the micelle in order to facilitate self-assembly of stable micelles. The
ratios were targeted to form similar molecular weights and compositions for each polymer for
accurate comparison.

The *H NMR spectra for LP and SP are shown in Figures 2.1 and 2.2 respectively, and the
polymer compositions and molecular weights as determined through *H NMR and size exclusion
chromatography (SEC) are summarized in Table 2.1. The molecular weights (M) that were

acquired from SEC and determined through *H NMR are within 1000 g mol~'. The PDI for the
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Figure 2.1. 'H NMR spectrum of linear poly(e-caprolactone)-b-poly{y-2-[2-(2-methoxy-
ethoxy)ethoxy]ethoxy-¢-caprolactone}
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Figure 2.2. tTHNMR spectrum of 4-arm star-like poly(e-caprolactone)-b-poly{y-2-[2-(2-methoxy-
ethoxy)ethoxy]ethoxy-e-caprolactone}
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linear polymer is 1.225 indicating fairly uniform chain lengths, while the PDI for the star polymer
is broader at 4.324. This could indicate uneven chain growth among the different branches of the
star polymer. However, the SEC traces for the linear and star-like polymers both show monomodal
distributions after addition of the second monomer which indicate that the polymers formed are
block copolymers (Figures 2.3 and 2.4). The M, determined for the linear block copolymer through
'H NMR was calculated by comparing the integration of the benzylic protons of the end group
from the benzyl alcohol initiator (5.1 ppm) to the protons closest to the oxygen in the repeat units
of the caprolactone backbone for each block of the polymer (4.059 ppm for e-CL and 4.163 ppm
for MEEECL). The My determined for the 4-arm star-like block copolymer was calculated by
comparing the integration of the protons near oxygen on the pentaerythritol core (4.12 ppm) of the
polymer to the protons closest to oxygen in the repeat units of the caprolactone backbone for each
block of the polymer (4.056 ppm for &-CL and 4.159 ppm for MEEECL).

Table 2.1. Properties and Mark-Houwink Parameters of Amphiphilic Block Copolymers

MNVR v sEC , . \ . . o mol%  mol%
(gmolip (gmotyp PPP R VO dnfde ot LogK®  Bu' g0 ygggcio
P 9020 9300 1225 2942 059 005 0730 -3.754 - 80 20
SP 11700 12400 4324 4324 0149 004 0241 -1745 439 72 28

2 Determined through *H NMR spectroscopy. ® Determined by size exclusion chromatography equipped with R, viscosity, RALS, and LALS detectors
using polystyrene as a standard. ¢ Hydrodynamic radius of polymer in THF as determined by SEC. ¢ Intrinsic viscosity in THF as determined through
SEC. © Mark-Houwink parameters determined by SEC. f Average number of branches determined through SEC using Mark-Houwink parameters
of linear PCL-b-PMEEECL as a reference.

The SEC measurements were taken with an instrument equipped with RI, light scattering,
and viscosity detectors to determine molecular weight of the star polymer more accurately. When
it comes to star polymers, it is important to have more than just the concentration detectors, such
as RI, to be able to determine a more accurate molecular weight.*?*'?2 The dn/dc was determined

for each polymer and allowed for the determination of absolute molecular weight using
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Figure 2.3. SEC for linear PCL precursor (black trace) and for the linear poly(e-caprolactone)-b-
poly{y-2-[2-(2-methoxy-ethoxy)ethoxy]ethoxy-e-caprolactone} diblock copolymer (red trace)
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Figure 2.4. SEC for 4-arm star-like PCL precursor (black trace) and for the 4-arm star-like poly(e-

caprolactone)-b-poly{y-2-[2-(2-methoxy-ethoxy)ethoxy]ethoxy-e-caprolactone}

copolymer (red trace)
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the triple detection system in SEC. The intrinsic viscosity (IV) was measured with the instrument
as well, showing the star polymer had a lower intrinsic viscosity which is expected due to the
increase in density from the branching of the polymer arms. The Mark—Houwink parameters of
the polymers were also examined using SEC to determine the amount of branching within the star
polymer. The values of the Mark—Houwink parameters for both polymers are shown in Table 2.1.
The resulting Mark—Houwink plot (Figure 2.5) shows the lower IV due to the increased density
from the branching in the star polymer. The number of branches was determined according to the

following equations:

g, — [n]M,branched
" [U]M,linear
6B,

" Bt DBy +2)

!

9m

where g’'m is the branching ratio that is determined through the ratio of the IV of the branched to
the linear polymer and Bm is the average number of branches. Using the linear polymer as a
reference, the 4-arm star-like block copolymer was determined to have an average number of

branches of 4.39 which is close to the expected value of 4.

2.4.2 Evidence of Self-Assembly

The CMC was determined using pyrene as a probe. LP showed a CMC of 1.20 x 107 g
L', while SP showed a CMC of 5.62 x 10 g L™! (Figure 2.6; Table 2.2). In this case, the CMC

of LP is more than twice that of SP, indicating that SP has higher thermodynamic stability when
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Figure 2.5. Mark-Houwink plot for linear poly(e-caprolactone)-b-poly{y-2-[2-(2-methoxy-
ethoxy)ethoxy]ethoxy-e-caprolactone} (black trace) and 4-arm star-like poly(e-caprolactone)-b-
poly{y-2-[2-(2-methoxy-ethoxy)ethoxy]ethoxy-e-caprolactone} (red trace)

compared with LP in agueous medium which is important when considering stability of the
micelles for in vivo applications.

The hydrodynamic diameters (Dn) of the micelles were estimated using dynamic light
scattering (DLS). The Dy determined for the empty micelles was found to be 96.4 nm for LP with
a dispersity of 0.101 and 66.9 nm for SP with a dispersity of 0.148 (Table 2.2). The size from TEM
was found to be comparable to the sizes determined from DLS, however there may be more
dispersity in the sizes than indicated through DLS. The TEM also showed the morphology of the
micelles to be spherical in nature. There is a size difference between the linear and star-like
polymer micelles of approximately 30 nm, however the sizes obtained for LP and SP empty

micelles are within the desired range of 10-100 nm to participate in the EPR effect.
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Figure 2.6. Determination of CMC of (left) linear and (right) star-like PCL-b-PMEEECL

Table 2.2. Summary of CMC and Size Measurements

CMC (g L™)? Dy (nm)® Micelle Dispersity®
LP 1.20 x 1073 96.4+0.5 0.101
SP 5.62x 107 66.9+0.6 0.148

2Determined through fluorescence spectroscopy using pyrene as a probe. "Hydrodynamic diameter and dispersity determined with dynamic
light scattering, n=3.

2.4.3 Drug Loading with Doxorubicin

The drug loading capacity of the polymer micelles was investigated using the anticancer drug,
doxorubicin. Doxorubicin is a commonly used chemotherapeutic drug for the treatment of many
different cancers including breast, lung, ovarian, thyroid, and non-Hodgkin's and Hodgkin's
lymphoma, among others.'?® Doxorubicin also has limited aqueous solubility, therefore it would
benefit from encapsulation in micelles for drug delivery applications. The loading capacities of the
linear and star-like polymers were compared, with the star-like architecture expected to have better
loading capabilities. Doxorubicin was loaded in a feed weight ratio of 10:1, polymer to drug, using
a dialysis method to compare their loading capacities. The DLC and EE were calculated using the

following formulas:
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wt.of drug encapsulated
DLC = xX100%
wt.of polymer

EE — wt.of DOX encapsulated «100%
~ initial wt.of DOX added 0

The absorbance at 495 nm was used to calculate the concentration of DOX encapsulated
into the micelles. The star-like polymers showed a higher drug loading capacity and encapsulation
efficiency than the linear counterpart with a DLC of 1.14% and EE of 11.4%. The linear polymers
had a lower encapsulation of DOX with a DLC of 0.77% and EE of 7.7%. The size and morphology
of the micelles after drug loading was investigated using DLS (Figure 2.7) and TEM (Figure 2.8)
and compared to the empty micelles. The average size of the micelles increased in both the linear
and the star-like block copolymers after the encapsulation of doxorubicin, indicating that
doxorubicin was incorporated into the core of the micelles. LP showed a size of 113 nm after DOX
encapsulation, which is larger than the desired size range for the EPR effect indicating that SP,
which stays within the desired range of 10-100 nm after loading, might be a better suited for drug

delivery (Table 2.3).

Table 2.3. Doxorubicin Loading of PCL-b-PMEEECL

Dy (nm)? Micelle Dispersity>  DLC (wt %) EE (wt %)°
LP 113.1+0.3 0.107 0.77 7.7
SP 91.2+0.5 0.076 1.14 11.4

2Determined through dynamic light scattering "Determine by UV-Vis using absorption wavelength of 495 nm.
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Figure 2.7. DLS of (left) linear and (right) star-like PCL-b-PMEEECL showing size differences
between the empty and DOX loaded micelles.

Figure 2.8. TEM images of empty (a) linear and (b) star-like PCL-b-PMEEECL and DOX loaded
(c) linear and (d)star-like PCL-b-PMEEECL, scale bars are 200 nm.
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The drug loading for these polymers is relatively low when compared with that shown of
PEG-b-PCL micelles.*?*'% The drug loading of amphiphilic block copolymer micelles is highly
dependent on the composition of block copolymers and the molecular weight and crystallinity of
the hydrophobic segment.’?* The longer PCL segment in these block copolymers could have
increased crystallinity which limits the drug loading. However, there is potential for fine tuning
the polymers to increase the drug loading through altering the chain lengths of the hydrophobic or
hydrophilic blocks or through the addition of substituents on the hydrophobic portion of the block

copolymer that will favorably interact with the hydrophobic drug to increase the loading.

2.4.4 Polymer Degradation

The biodegradability of LP and SP was measured to determine the amount of molecular
weight lost over time under physiological conditions through SEC. The polymers were dissolved
in PBS buffer solution (pH 7.4) and kept at 37 °C for several days. Samples were taken periodically
over 7 days and examined for their change in molecular weight. Both polymers showed
comparable degradation over time as shown in Figure 2.9 with both polymers degrading to around
10% of their initial molecular weight within 7 days. This degradation should allow for drug release

over time.

25 Conclusions

The synthesis and characterization of 4-arm star-like poly(e-caprolactone)-b-poly{y-2-[2-
(2-methoxy-ethoxy)ethoxy]ethoxy-¢e-caprolactone} and its linear counterpart are reported. The
properties including critical micelle concentration, hydrodynamic diameter, degradation, and drug

loading capacity and efficiency were compared to find that the star-like block copolymers
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Figure 2.9. Degradation of linear and star-like PCL-b-PMEEECL in PBS (pH 7.4) over 7 days.
demonstrated not only higher thermodynamic stability, but also had lower intrinsic viscosity, and
smaller sizes. SP showed higher drug loading capacity and encapsulation efficiency as well
compared to LP, and also was within the desired range of 10-100 nm for the EPR effect after DOX
loading. Both of the polymers were shown to degrade significantly over 7 days under physiological
conditions showing their biodegradability. These results show that the 4-arm star-like polymer was
a more efficient vehicle for drug delivery. However, it is worth exploring other y-substituted e-
caprolactone monomers for the hydrophobic portion of the block copolymer in an effort to increase

the drug loading capacity and encapsulation efficiency.
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3.1 Abstract

Temperature responsive drug carriers are attractive due to their ability to provide controlled
release of the encapsulated cargo based on the use of external stimuli. In this work, 4- and 6-arm
thermoresponsive star-like block copolymers were synthesized through the ring-opening
polymerization of y-substituted g-caprolactone monomers v-2-[2-(2-
methoxyethoxy)ethoxy]ethoxy-g-caprolactone (MEEECL) and y-ethoxy-e-caprolactone (ECL)
using pentaerythritol and myo-inositol as multifunctional initiators. These amphiphilic block
copolymers self-assembled into micelles and were characterized in terms of their feasibility as
drug carriers. Both polymers were shown to be thermodynamically stable and demonstrated
temperature responsivity in a desirable range for drug delivery, 39.4 °C and 39.8 °C for the 4- and
6-arm polymers respectively. It was shown that the 6-arm star polymer had a higher drug loading
capability allowing it to function as a better vehicle for drug delivery in cytotoxicity experiments.
These star polymers show promise as drug carriers due to their biocompatibility, biodegradability,

and temperature controlled release of Doxorubicin.

3.2 Introduction

Considerable efforts in recent years have aimed to develop smart drug carriers for improved
delivery of anticancer drugs to tumor sites with increased efficiency and decreased side effects.>*
126-131 | particular, there is interest in developing systems that can release their cargo in a triggered
response either from the application of external stimuli or from a change in environment.5 132-134
These systems allow for an increased control over where and when the encapsulated cargo is

delivered and can be used to preferentially release drugs at tumor sites. Types of stimuli responsive
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polymers can include those that are sensitive to pH, temperature, reduction conditions, light, or
they can be sensitive to multiple stimuli.

In the case of polymeric micellar drug delivery systems, polymers made from aliphatic
polyesters such as poly(glycolide)s, poly(lactide)s, and poly(caprolactone)s have been studied
extensively.3 1% Polyesters are attractive due to their biocompatibility and biodegradability
through hydrolysis of the esters in the backbone. Among these, poly(caprolactone)s have been one
of the most interesting materials due to the ease of property tunability through addition of
substituents to the backbone.’® *® In this manner, substituents can affect the hydrophilicity or
hydrophobicity of the polymer, provide stimuli responsiveness, and can play a role in subsequent
micellar properties such as stability, size, degradation rate, and drug loading capabilities. The
stability of these systems is of great importance. In order to function as drug carriers, it is important
that they can stay intact upon dilution in the bloodstream.**® In addition, the size can be used to
passively target tumors through the enhanced permeability and retention (EPR) effect. Ideally, the
particles should be in the size range of 10-100 nm so that they are large enough to avoid clearance
and small enough to bypass filtration in the spleen.'® 137139 |n these ways, polymeric micelles
show promise as means to deliver poorly water soluble anticancer drugs more efficiently while
protecting healthy cells from their toxic effects.

Temperature responsive polymers can be advantageous in polymeric micellar drug delivery
systems, as they allow control over the release of the drug based on the application of localized
heating or mild hyperthermia.*® Polymers that display a lower critical solution temperature
(LCST), provide a release mechanism of drug based on a solubility transition of the polymer in

aqueous medium upon heating above the LCST. Previously in our group, poly{y-2-[2-(2-
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methoxyethoxy)ethoxy]ethoxy-g-caprolactone} (PMEEECL) was synthesized through the ring-
opening polymerization of a tri(ethylene glycol) substituted e-caprolactone monomer.%? This
polymer was shown to be water soluble and in addition exhibited thermoresponsive properties.
When part of an amphiphilic block copolymer, it was shown that the LCST can be tuned depending
on the hydrophobic block.8> % 103105 AJthough these systems showed promising values for the
LCST and showed thermodynamic stability, the drug loading was relatively low.

In an effort to improve on these systems, star-like block copolymers containing PMEEECL
as the hydrophilic block and poly(y-ethoxy-g-caprolactone) (PECL) as the hydrophobic block were
synthesized. Star-like polymers were chosen because they have been shown to have increased drug
loading over their linear counterparts.?” 14! The resulting polymeric micelles were examined for
their  thermoresponsive  properties, thermodynamic stability, biocompatibility and

biodegradability, drug loading capabilities, and cytotoxicity, and are reported herein.

3.3 Experimental

3.3.1 Materials

All commercially available chemicals were purchased from Sigma Aldrich or Fisher Scientific
and used without further purification unless otherwise noted. Benzyl alcohol and Sn(Oct), were
purified through vacuum distillation prior to use. All polymerization reactions were conducted
under purified nitrogen in glassware that was dried at 120 °C for at least 24 hours and cooled in a

desiccator prior to use.
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3.3.2 Analysis

'H NMR spectra of the synthesized monomers and polymers were recorded on a Bruker
AVANCE 111 500 MHz NMR instrument at 25 °C in CDCls. *H NMR data are reported in parts
per million as chemical shifts relative to tetramethylsilane (TMS) as the internal standard. GC/MS
was performed on an Agilent 6890-5973 GC/MS workstation. Molecular weight and
polydispersity indices of the synthesized polymers were measured by SEC analysis on an
OMNISEC multi-detector system equipped with Viscotek columns (T6000M), connected to a
refractive index (RI), low angle light scattering (LALS), right angle light scattering (RALS), and
viscosity detectors with HPLC grade THF as the eluent, and triple point calibration based on
polystyrene standards. Fluorescence spectra of the synthesized polymers were collected with a
Perkin-Elmer LS 50 BL luminescence spectrometer at 25 °C with emission wavelength set at 390
nm. LCST measurements were performed using a temperature controlled Cary5000 UV-Vis
spectrometer. Dynamic light scattering (DLS) measurements were performed using a Malvern
Zetasizer Nano ZS instrument equipped with a He—Ne laser (633 nm) and 173° backscatter
detector. Transmission electron microscopy (TEM) imaging of the DOX-loaded micelles was
performed on a Tecnai G2 Spirit Biotwin microscope by FEI and images were analyzed using
Image J software. Samples were prepared by treating copper mesh grid with 1 mg mL* aqueous
polymer micelle solution for 2 minutes, followed by staining with 2% phosphotungstic acid for 30
seconds. TMAFM images were obtained by depositing the DOX loaded micelles on freshly
cleaved mica substrate and allowing to air dry and using a VEECO-dimension 5000 Scanning
Probe Microscope with silicon cantilever with spring constant 42 nm-1. Images were acquired at

1 Hz scan frequency and analyzed with Nanoscope 7.30 software to generate the 3D renderings.
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Absorbance spectra for DOX loading determination was recorded using an Agilent UV/Vis
spectrophotometer. Cytotoxicity and cellular uptake measurements were performed with a Biotek

Cytation 3 imaging reader.

3.3.3 Synthetic Procedures

The synthesis of monomers MEEECL and ECL were performed according to previously
published procedures and are shown in Scheme 1.1
Synthesis of 4-arm star-like PMEEECL-b-PECL

ECL (0.387 g, 0.00245 mol) was added into a Schlenk flask and stirred under vacuum for
one hour. At that time, pentaerythritol (4.17 mg, 3.1 x 10° mol) and Sn(Oct). (53 mg, 1.2 x 10°
mol) were added in 0.3 mL toluene under a nitrogen atmosphere to the reaction flask. The reaction
was introduced into a thermostatted oil bath at 110 °C. The consumption of monomer was
monitored using GC/MS. After ECL was consumed, previously dried MEEECL (0.7 g, 0.00245
mol) was added in 0.2 mL of toluene to the reaction flask under nitrogen. The polymerization was
allowed to continue over night and after the MEEECL was consumed, the reaction was quenched
by precipitation in hexane, yielding 0.8 g of clear gel-like polymer.
IH NMR (500 MHz, CDCls, 8): 1.163 (t, 3H), 1.772 (m, 6H), 1.856 (m, 3H), 2.380 (t, 4H), 3.373
(s, 3H), 3.469 (m, 4H), 3.546 (m, 2H), 3.597 (m, 4H), 3.644 (m, 7H), 4.161 (m, 4H)
Synthesis of 6-arm star-like PMEEECL-b-PECL

ECL (0.224 g, 0.0014 mol) was added into a Schlenk flask and stirred under vacuum for
one hour. At that time, myo-inositol (3.2 mg, 1.8 x 10 mol) and Sn(Oct)2 (45 mg, 1.1 x 10" mol)
were added in 0.3 mL toluene under a nitrogen atmosphere to the reaction flask. The reaction was

introduced into a thermostatted oil bath at 110 °C. The consumption of monomer was monitored

57



using GC/MS. After ECL was consumed, previously dried MEEECL (0.4 g, 0.0014 mol) was
added in 0.2 mL of toluene to the reaction flask under nitrogen. The polymerization was allowed
to continue over night and after the MEEECL was consumed, the reaction was quenched by
precipitation in hexane, yielding 0.5 g of clear gel-like polymer.

IH NMR (500 MHz, CDCls, 8): 1.165 (t, 3H), 1.785 (m, 6H), 1.857 (m, 3H), 2.382 (t, 4H), 3.375

(s, 3H), 3.471 (m, 4H), 3.547 (m, 2H), 3.599 (m, 4H), 3.646 (m, 7H), 4.1632 (m, 4H)

3.3.4 Determination of LCST

In order to determine the LCST, 2 mg of polymer was dissolved in 10 mL of water to make
a 0.2 wt. % solution. The % transmittance at 600 nm was recorded at temperatures ranging from
25 °C to 55 °C. The LCST or cloud point was taken at the point of 50% drop in transmittance for

each sample.

3.3.5 Determination of CMC

The CMC was determined using pyrene, a hydrophobic fluorescent molecule, as a probe.
Various concentrations of polymer samples were combined with a small amount of pyrene (6.0 x
10° M in THF) in 0.2 mL THF. The polymer/pyrene samples were added dropwise into 10 mL of
deionized water. The resulting solutions were stirred for 4h to allow micelle assembly and
complete evaporation of THF. The resulting solutions contained concentrations from 1 x 10°to 1
g LT of polymer and a constant concentration of pyrene. Fluorescence spectra of the
polymer/pyrene solutions were collected at 25 °C with emission wavelength of 390 nm. The ratio
of intensities of the pyrene excitation peaks at 337.5 nm and 334.5 nm were recorded and plotted

against the logarithm of the polymer concentration (C). The x coordinate at the intersection of the
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two trend lines before and after the abrupt increase in the 1337.5/l3345 vs. Log (C) curve was taken

to be the critical micelle concentration.

3.3.6 Preparation of Micelles

Polymeric micelles were formed through nanoprecipitation and dialysis. The polymer (5
mg) was dissolved in THF (0.4 mL) and added dropwise to 5 mL of water under sonication. The
resulting micelle suspension was transferred to SnakeSkin® dialysis tubing (MWCO 3500 Da) and
dialyzed against a minimum of 1500 mL deionized water over a 24-hour period. The final contents
of the dialysis tubing were filtered through a Nylon syringe filter (0.22 pm) to obtain a polymeric

micelle solution with a concentration of 1 mg mL™.

3.3.7 Preparation of DOX Loaded Micelles

DOX-loaded micelles were prepared in a manner similar to the empty micelles. DOX-HCI
was first neutralized by adding 3 equivalents of triethylamine in DMSO. An aliquot of the
neutralized DOX solution containing 0.5 mg of DOX was added to a polymer solution (5 mg in
0.4 mL DMSO). The DOX-polymer solution was then added dropwise into 5 mL of deionized
water under sonication. The resulting suspension was transferred to dialysis tubing and dialyzed
against a minimum of 1500 mL of deionized water over a 24 hour period. The contents of the
dialysis tube were finally filtered using a Nylon syringe filter (0.22 pm) to obtain a 1 mg mL™
solution of DOX loaded micelles. To determine the DLC and EE, the drug loaded micelle solutions
were diluted with DMSO in a 1:1 ratio in order to release the drug from the micelles. The
absorbance of the solution at 485 nm was fitted to a pre-established standard curve of DOX in

DMSO/ DI H20.
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3.3.8 DLS Analysis

Aqueous suspensions of micelles were prepared as stated above at a concentration above
the determined CMC, at 1 mg mL™%. The micelles were analyzed to determine their hydrodynamic
diameters (Dn) using dynamic light scattering. Prior to measurement, the polymer micelle solutions
were filtered with a 0.22 um nylon syringe filter. Size measurements were recorded at 25 °C in

triplicate.

3.3.9 Demonstration of Polymer Degradation

A sample of 6-arm PMEEECL-b-PECL (15 mg) was dissolved in 3 mL of PBS (pH 7.4,
DNase-, RNase-, and Protease-Free) and was stirred in a closed system in a thermostatted oil bath
at 37 °C over a period of 6 days. Samples were taken periodically and analyzed by SEC to monitor
the change in M, from t=0 to t=6 days. The resulting change in molecular weight is plotted as %

of initial Mn vs. days spent in PBS solution at 37 °C.

3.3.10 Biological Studies

Unless otherwise indicated, all cell culture experiments were performed using RPMI-1640
medium with L-glutamine and sodium bicarbonate supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin. Cells were grown in a humidified environment at 37 °C, 5% CO..
Cell viability studies were performed using the CellTiter-Blue® assay (Promega) according to the

manufacturer’s recommended protocol.

3.3.11 Empty Micelle Cytotoxicity Studies

HeLa cells were seeded in transparent flat-bottom 96-well plates at a cell density of 5,000
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cells per well in 100 pL growth medium. After 24h to allow cell adhesion, the medium was
removed, the cells were washed with 100 pL PBS, and 100 pL fresh growth medium was added
to each well. Empty micelles (1 mg mL* in PBS) were diluted to concentrations ranging from 0.06
mg mL? to 0.5 mg mL™. Micelle dilutions (100 pL) were added to the cells via multichannel
micropipette. The micelles were incubated for 24 hours with the cells. At this time, the cell viability

was evaluated by the CellTiter-Blue® assay, N=4.

3.3.12 DOX Loaded Micelle Cytotoxicity Studies

HeLa cells were seeded in transparent flat-bottom 96-well plates at a cell density of 5,000
cells per well in 100 pL growth medium. After 24h to allow cell adhesion, the medium was
removed, the cells were washed with 100 pL PBS, and 100 pL of fresh growth medium was added
to the cells. DOX-loaded micelles (1 mg mL™? in PBS) were diluted in PBS to concentrations
ranging from 0.06 mg mL* to 0.5 mg mL*. DOX-loaded micelle dilutions (100 pL) were added
to the cells via multichannel micropipette. Free DOX dosing was given assuming the dose from
the predetermined drug loading. The cells were then incubated at either 37 °C or 40 °C for 24 hours
with the DOX-loaded micelles. After this time, the cell viability was evaluated using the CellTiter-

Blue® assay, N=4.

3.3.13 Cellular Uptake

HeLa cells were seeded in a 35-mm glass bottom dish at a density of 250,000 cells per well
and allowed to adhere for 24 h in 2 mL of growth media. At that time, the medium was removed,
the cells were washed with 2mL of PBS, and 2 mL of fresh growth medium was added along with

1 mL of DOX-loaded micelles (0.2 mg mL™* in PBS). The cells dosed with DOX-loaded micelles
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were allowed to incubate for 4 hours. After the uptake period, the cells were washed 3 times with
2 mL of PBS, fixed with 4% paraformaldehyde (room temperature, 10 minutes), washed 3 times
with 2 mL of PBS, and the nuclei were counterstained with DAPI. Images were obtained using a

BioTek Cytation 3 Cell Imaging Multi-Mode Reader.

3.4 Results and Discussion

3.4.1 Polymer Synthesis

In previous reports, a linear polymer consisting of ECL and MEEECL was examined for
its thermoresponsivity, thermodynamic stability, and drug loading capabilities.!®® The linear
polymer was synthesized through the ring-opening polymerization of the ECL and MEEECL
monomers using stannous (1) 2-ethylhexanoate (Sn(Oct).) as a catalyst and benzyl alcohol as the
initiator. This polymer showed promise in terms of temperature responsivity and thermodynamic
stability, however it was shown to have limited drug loading capabilities (2.05 wt. %). In an
attempt to increase the drug loading as well as the stability, while still maintaining the attractive
thermoresponsive properties, two functionalized star-like diblock polycaprolactones were
synthesized. The ECL and MEEECL monomers were synthesized according to previous published
procedures (Scheme 3.1) and were used for the hydrophobic and hydrophilic block respectively.%?-
103 The star polymers were synthesized with Sn(Oct), as the catalyst with two different
multifunctional alcohol initiators to form the 4-arm (from pentaerythritol initiator) and 6-arm
(from myo-inositol initiator) block copolymers (Scheme 3.2). The polymerizations were carried
out at 110 °C with sequential monomer addition, starting with the hydrophobic ECL monomer.

The polymerizations were carried out using the following molar ratios in order to target a 50:50
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molar composition of hydrophilic to hydrophobic block: [Initiator]: [Sn(Oct)2]: [ECL]:
[MEEECL]: [1]: [4]: [50]: [50] for the 4-arm polymer (4A) and [1]: [6]: [50]: [50] for the 6-arm
polymer (6A). This particular composition was targeted in an effort to be comparable to the

previously published linear polymer.1%

0 o}
1) NaH o
2) ROTs KaCry07 mCPBA
2304
OR OR

3

Scheme 3.1. Synthesis of y-ethoxy-g-caprolactone and y-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-
g-caprolactone, functionalized g-caprolactone monomers.

The *H NMR spectra are shown in Figures 3.1 and 3.2, and a summary of the molecular
weights and composition of the polymers is shown in Table 3.1. The compositions were
determined from the integration of the peaks of the substituents of the block copolymers, the
methoxy group on the oligo ethylene glycol substituent at ~3.37 ppm was integrated versus the
methyl group of the ethoxy substituent at ~1.17 ppm. The molecular weights of the two polymers
were determined using size exclusion chromatography (SEC) equipped with a triple detection
system, allowing for the determination of the absolute molecular weight. The hydrodynamic radius
(Rn) of the polymers in THF and the intrinsic viscosity (1) were determined as well and are listed

in Table 3.1, the SEC traces can be seen in Figures 3.3 and 3.4.
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Figure 3.1. *H NMR spectrum of 4-arm star-like PECL-b-PMEEECL.
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Figure 3.2. 'H NMR spectrum of 6-arm star-like PECL-b-PMEEECL.

Table 3.1. Summary of Polymer Compositions, Molecular Weights and Properties

mol %
M, (g mol1)? PDI? Rp? Ive mol % ECL MEEECL
4A 20,400 1.1 2.762 0.0706 49.7 50.3
6A 28,800 1.4 3.720 0.0956 47.2 52.8

2Determined by SEC equipped with triple detection and THF as the eluent ®PDetermined by *H NMR spectroscopy
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Figure 3.3. SEC trace of 4-arm star-like PECL-b-PMEEECL.
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Figure 3.4. SEC trace of 6-arm star-like PECL-b-PMEEECL.
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3.4.2 Self-Assembly and Thermoresponsivity

The LCST of the polymers was determined by measuring the change in transmittance with
increasing temperature. The transmittance decreases above the LCST due to the dehydration and
precipitation of the polymer from the aqueous solution. The transmittance was measured with a
UV-vis spectrophotometer at 600 nm. The LCST was taken as the temperature where there is a
50% drop in the transmittance during heating (Figure 3.5 A and C). The LCST of 4A and 6A were

comparable, with 4A showing LCST of 39.4 °C and 6A exhibiting LCST of 39.8 °C (Table 3.2).
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Figure 3.5. Transmittance and CMC plots showing thermoresponsiveness and thermodynamic
stability of 4A (A and B) and 6A (C and D) respectively.

Table 3.2. Summary of Polymeric Micelle Properties

CMC (g LY)? LCST (°C)>  Dn(nm)  Size Dispersity®
aA 1.68 x 1073 39.8 80.85 0.085

6A 1.37x 103 394 50.98 0.131

2Determined by fluorescence spectroscopy with pyrene as a fluorescent probe PDetermined by 50% drop in transmittance at 600 nm upon heating
aqueous polymer solution ‘Hydrodynamic diameter of micelles at 25 °C from dynamic light scattering.
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These LCST values are very useful for drug delivery applications since they are higher
than physiological temperature (37 °C), meaning the micelles will be stable as they circulate in the
bloodstream, and below 40 °C allowing the application of external temperature to release the
encapsulated cargo. The transmittance plots of 4A and 6A are shown on the left in Figure 3.7.
The critical micelle concentration (CMC) was determined by fluorescence spectroscopy using
pyrene as a probe.*? The pyrene excitation spectrum shows a peak shift from 334.5 nm to 337.5
nm as pyrene goes from a hydrophilic environment into the hydrophobic core of the micelle. The
intensity ratio (lss7.5/13345) was plotted against the logarithm of the polymer concentration, where
the intersection of the two slopes is estimated as the CMC (Figure 3.5, B and D). The estimated
CMC value for 4A was found to be 1.68 x 102 g L™ and for 6A it was 1.37 x 102 g L (Table
3.2). The CMCs for these polymers are fairly similar, however in comparison with the previously
synthesized linear polymer (8.95 x 102 g L), the values are almost a magnitude lower indicating
that the star polymers are more thermodynamically stable.®® This could be due to the increased

density of the functional groups in the star polymer allowing increased hydrophobic interactions.

3.4.3 Size and Morphology

The size and morphology of the empty polymeric micelles were investigated by dynamic
light scattering (DLS) and transmission electron microscopy (TEM). Empty micelles were
prepared through a dialysis method at a concentration of 1 mg mL™. The micelles were examined
first by DLS to determine the size of the hydrodynamic diameter (Dn) and the dispersity of the
sample. The micelles exhibited sizes of 80.85 nm and 50.98 nm for 4A and 6A respectively (Table
3.2, Figure 3.6). The micelles formed from polymer 6A were observed to be much smaller in size

when compared to those formed from 4A.
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Figure 3.6. Size distribution (Dn) for 4A (A) and 6A (B) polymeric micelles at 25 °C obtained
from DLS.

In order to observe the morphology, TEM was performed using phosphotungstic acid for
negative staining. Amphiphilic block copolymers can assemble into various structures such as
spherical micelles, vesicles, or cylindrical micelles depending on several factors including the
composition of the block copolymer, the molecular weight, the solvent system, or the surrounding
environment.* The polymer was shown to form spherical micelles in aqueous solution which can
be visualized from the TEM (Figure 3.7). This could be expected based on our previous results
considering star polymers formed from substituted polycaprolactones with PMEEECL as the
hydrophilic block.!** The size measured with TEM was in correlation with the values obtained
from DLS. However, unlike the distribution observed with DLS, there appears to be more variation
in the size observed through TEM which is evidenced by the appearance of additional smaller

micelles.

3.4.4 Doxorubicin Encapsulation

In order to determine the feasibility of the star polymers as drug carriers, doxorubicin
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Figure 3.7. TEM images of empty polymeric micelles (A) 4A and (B) 6A.

(DOX) was loaded into the micelles through a dialysis method. The absorbance of the DOX loaded
micelles measured at 485 nm was fitted against a pre-established calibration curve in order to
determine the concentration of the loaded drug. (Figure 3.8) The drug loading content (DLC) and

encapsulation efficiency (EE) were determined according to the following equations:

_ weight of encapsulated DOX

DLC x 100

weight of polymer

weight of encapsulated DOX
EE = , x 100
weight of total DOX

We speculated that the 6-arm polymer (6A) would have a higher drug loading than the 4-
arm polymer (4A) due to increased density of functional units in the core of the micelle. Also,
based on previous knowledge that star polymers have increased loading over linear polymers, we
speculated that both of the star polymers would have a higher loading than the previously

synthesized linear polymer (2.05 wt.%).1%% 144 The DOX loading was performed in the same
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Figure 3.8. Absorbance spectra of DOX loaded star polymers.

method as the earlier published linear polymer, and in the same ratio (10:1 polymer: drug) in order
to allow for an accurate comparison of the loading. Polymer 4A has been shown to have a DLC of
2.06 wt.%, while polymer 6A had a DLC of 2.63 wt.%. Polymer 4A had a drug loading comparable
to that of the reported value of the linear polymer, while polymer 6 A was shown to have the highest
DLC and encapsulation efficiency as hypothesized. A summary of the drug loading is shown in
Table 3.3. The change in size and the morphology was investigated after loading as well using
DLS, tapping mode atomic force microscopy (TMAFM), and TEM. The micelles retained their
spherical shape after loading as well and both polymers showed an increase in size after loading
(Figure 3.9). As before, the sizes measured from TEM showed good correlation with those

measured from DLS. Even after loading, the micelles retained a size ideal for passive targeting
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Figure 3.9. TEM images of DOX loaded micelles (A) 4A and (B) 6A, scale bar = 200 nm.
TMAFM images of DOX loaded polymeric micelles (C) 4A and (D) 6A deposited on mica-
substrate, scan size: 1 um.

Table 3.3. Summary of DOX Loaded Polymeric Micelle Properties

DLC (wt. %)? EE (wt. %)° DiP%* (nm)® Size Dispersity®
4A 2.06 20.6 102.8 0.155
6A 2.63 26.3 64.5 0.159

2Determined with UV-Vis spectroscopy, absorbance measured at 485 nm ®Determined through dynamic light scattering at 25 °C
using the EPR effect, with 4A having the largest size just slightly over 100 nm at 102.8 nm. (Figure

3.10)

3.4.5 Biocompatibility and Degradation

The biodegradability of the synthesized block copolymer was examined by dissolving the
6A polymer in PBS (pH =7.4) and stirring the polymer solution at 37 °C for six days. The

degradation was measured by determining the % change in molecular weight (M) over time
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Figure 3.10. Size distribution (Dn) obtained through DLS for (A) 4A and (B) 6A comparing the
sizes of empty and DOX loaded micelles.

(Figure 3.11). The polymer showed significant degradation over several days, to about 30 % of the
initial molecular weight, indicating the polymer was biodegradable under physiological
conditions. It can be assumed that polymer 4A would be degradable over time as well since it has
a similar structure and composition. It has been shown recently that although star-like polyesters
degrade at a slower rate than linear polymers, the number of arms does not affect the rate of
degradation as significantly.!* In order to evaluate the biocompatibility of these polymers,
cytotoxicity measurements were performed using various concentrations of the empty polymers
on HeLa cells. CellTiter-Blue® cytotoxicity kit was used to examine the cell viability after the cells
had been exposed to the polymer solutions for 24 hours. The polymers were not shown to exhibit
significant toxicity to the cells even up to 0.5 mg mL™* (Figure 3.12). According to these
measurements, the polymers display excellent biocompatibility as well as biodegradability under

physiological conditions.
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Figure 3.11. Degradation measurements of polymer 6A under physiological conditions (37 °C,
pH 7.4), the % change in molecular weight (M) is plotted versus time.
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Figure 3.12. Cell viability measurements of varying concentrations of empty polymeric micelles
in PBS using HeLa cells and CellTiter Blue® cytotoxicity Kit.

3.4.6 Cytotoxicity and Cellular Uptake of DOX Loaded Micelles

The cytotoxicity of the DOX loaded micelles was examined using HeLa cells at various
concentrations. In the interest of determining the temperature controlled release of DOX in cells,
the cells were incubated at either physiological temperature (37 °C) or at a temperature above the

LCST of the polymers (40 °C). HeLa cells were dosed with DOX loaded micelles and allowed to
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incubate for at either temperature. After 24 hours, the cell viability was measured using CellTiter-
Blue® assay. It was shown at all concentrations that the release of DOX was more substantial at
temperatures above the LCST causing less cells to be viable. Free DOX was administered to HelLa
cells as well in concentrations coinciding with the amount loaded into the star polymer micelles
based on the DLC determined. In all cases, the free DOX showed higher cytotoxicity to the cells,
however the cells exposed to DOX loaded micelles at temperatures higher than the LCST exhibited
cytotoxicity closer to that of the free DOX dosages (Figure 3.13). The DOX loaded 6A micelles
exhibited higher toxicity than the DOX loaded 4A micelles, which can be attributed to the higher
loading capabilities of the 6A micelles.

The ability of the micelles to be taken into the cancer cell was observed through cellular
uptake experiments using HeLa cells. The DOX loaded micelles were added to HelLa cells and
incubated for 4 hours. At that time, the cells were washed and the nuclei were counterstained with
DAPI to visualize the cell nuclei through fluorescence microscopy, shown in Figure 3.14. The red
signal, attributed to DOX can be seen within the cell nuclei, indicating the endocytosis of the

micelles into the cell and the internalization of DOX into the nucleus of the cell.

35 Conclusions

Temperature responsive 4- and 6-arm star-like polymers were successfully synthesized by
living ring-opening polymerization of functionalized e-caprolactone monomers ECL and
MEEECL. These polymers were shown to be thermodynamically stable with CMCs ~103 g L.
Additionally, they were shown to have advantageous LCST values slightly above physiological
temperature, beneficial for use in drug delivery systems. These polymers were also shown to be

biocompatible, exhibiting relatively low toxicity to HeLa cells at doses up to 0.5 mg mL™?, and
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Figure 3.13. Cell viability of HeLa cells after dosing with DOX loaded micelles above and below
the LCST.
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Figure 3.14. Uptake of 4A and 6A DOX loaded micelles in HeLa cells after incubating for 4 hours.
Cell nuclei were stained with DAPI.
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biodegradable over time under physiological conditions. However, the DOX loaded micelles
showed significant cytotoxicity to cancer cells when they were incubated at temperatures higher
than the LCST of the polymers indicating that the polymers provide thermally controlled release.
Future optimization of these drug delivery systems should focus on improving the drug loading
capabilities either through changes in the substituents of the hydrophobic block or through

different loading methods.
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4.1 Abstract

The combined administration of doxorubicin (DOX) and resveratrol (RSV) is a promising new
direction for cancer treatment on account of the therapeutic benefits provided from RSV.
Combination loading of these drugs in polymeric micelles composed of either poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) or poly(ethylene glycol)-b-poly(y-benzyl-¢-
caprolactone) (PEG-b-PBCL) was explored to increase the loading efficiency and the therapeutic
efficacy of micellar drug delivery systems. The combined loading of RSV and DOX not only
shows potential for improved cytotoxic effects to cancer cells, but also the addition of RSV allows
improved drug loading of DOX into polymeric micelles due to interactions between DOX and
RSV. Herein, we report the combination loading of DOX and RSV into polymeric micelles using
PEG-b-PCL and PEG-b-PBCL polymers with the highest encapsulation efficiencies (EE) of DOX
and RSV in PEG-b-PBCL found to be 87.7% and 18.7%, respectively. In the case of PEG-b-PCL,
EE was 10.8% and 0.6% for DOX and RSV, indicating that the m-stacking capabilities of the
benzyl substituents in PEG-b-PBCL with the drug molecules enables increased loading capacity.
The size and morphology of the resulting combination loaded micelles, as well as their cytotoxicity

and cellular uptake into HelLa cells are reported herein.

4.2 Introduction

Doxorubicin (DOX) is often used for the treatment of several different types of cancer
including breast cancer, ovarian cancer, and lymphoma. It has been regarded as one of the most
potent chemotherapeutic drugs approved by the Food and Drug Administration (FDA). However,

DOX is generally known to have toxic side effects to noncancerous cells and its use is limited by
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its cardiotoxicity.#6-147 In addition, DOX can induce drug resistance in cancer cells due to high
dosage and repeated treatment. In an effort to combat these drawbacks, attention has been focused
toward developing a treatment with reduced side-effects from DOX. Recently, studies have shown
that the adverse reactions of DOX can potentially be mitigated with the co-administration of
antioxidants such as polyphenolic compounds.

One such polyphenolic compound, resveratrol (RSV), has received attention due to its
cardioprotective properties.*®149 RSV is derived from natural sources such as grapes, peanuts, and
blueberries among others, with trans-RSV as the biologically active form.}* The “French
Paradox” in which cardiovascular disorders in France are low even though their diet has a high
content of fat, has been attributed to the consumption of red wine which contains a significant
amount of RSV.8 RSV has received attention in research as it has shown health benefits in
addition to its antioxidant nature, including anti-inflammatory and anti-tumorigenic properties.*>°-
11 DOX, paclitaxel, curcumin, and cis-platin are several different anti-cancer drugs that have been
used in combination with RSV, in order to mitigate their toxic side effects and overcome the effects
of multi-drug resistance.'>>1>* The combined administration of RSV with DOX has been shown
to reduce cardiotoxicity and act as a chemosensitizer, providing a synergistic effect against cancer
cells both in vitro and in vivo.%5-18 The cardioprotective effects of RSV are largely attributed to
reduced oxidative stress, the inhibition of apoptosis, and modulated autophagy process.6
Research has been moving toward the combined loading of DOX and RSV into nanoparticles for
controlled delivery to mitigate toxic side effects as well as cancer cell resistance to DOX_.162163
Combination therapy using DOX and RSV shows an encouraging new path towards more efficient

cancer treatment.
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Developing a drug delivery system for the combined delivery of DOX and RSV through
polymeric micelles is a way to deliver the drugs in a controlled and less toxic manner. Amphiphilic
block copolymers containing a hydrophilic poly(ethylene glycol) (PEG) segment and a
hydrophobic polyester segment are commonly used for drug encapsulation.'® 184 Bijodegradable
and biocompatible polyesters, in particular poly(caprolactone)s, are often used as the hydrophobic
segment due to their tunability through the addition of substituents to the polyester backbone. 1% 24
%, 144 In this report, the combined drug loading of RSV and DOX is investigated in polymeric
micelles using PEG-b-PCL and PEG-b-PBCL. These two polymers were compared for their drug
loading potential, based on different interactions they may have with the drugs for loading. An
increased drug loading capacity is achievable for PEG-b-PBCL than for PEG-b-PCL due to the n-
stacking abilities of the drug molecules with the benzyl substituents. In addition, differing ratios
of polymer, DOX, and RSV are examined in order to optimize the encapsulation efficiency of the

polymeric drug delivery systems.

4.3  Experimental

4.3.1 Materials

All commercially available chemicals were purchased from Sigma Aldrich or Fisher
Scientific and used without further purification unless otherwise noted. Sn(Oct). was purified
through vacuum distillation prior to use. All polymerization reactions were conducted under
purified nitrogen in glassware that was dried at 120 °C for at least 24 hours and cooled in a

desiccator prior to use.
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4.3.2 Analysis

'H NMR spectra of the synthesized monomers and polymers were recorded on a Bruker
AVANCE 111 500 MHz NMR instrument at 25 °C in CDCls. *H NMR data are reported in parts
per million as chemical shifts relative to tetramethylsilane (TMS) as the internal standard.
Molecular weight and polydispersity indices of the synthesized polymers were measured by SEC
analysis on an OMNISEC multi-detector system equipped with Viscotek columns (T6000M),
equipped with refractive index (RI) detector with HPLC grade THF as eluent and calibration was
based on polystyrene standards. Fluorescence spectra of the synthesized polymers were collected
with a Perkin-Elmer LS 50 BL luminescence spectrometer at 25 °C with emission wavelength set
at 390 nm. Dynamic light scattering (DLS) measurements were performed using a Malvern
Zetasizer Nano ZS instrument equipped with a He—Ne laser (633 nm) and 173° backscatter
detector. Transmission electron microscopy (TEM) imaging of the empty and combination loaded
micelles was performed on a Tecnai G2 Spirit Biotwin microscope by FEI and images were
analyzed using Gatan Digital Micrograph software. Samples were prepared by treating copper
mesh grid with 1 mg mL™* aqueous polymer micelle solution for 2 minutes, followed by staining
with 2% phosphotungstic acid for 30 seconds. Absorbance spectra for DOX and RSV loading
determination was recorded using an Agilent UV/Vis spectrophotometer. Cytotoxicity and cellular

uptake measurements were performed with a Biotek Cytation 3 imaging reader.

4.3.3 Synthetic Procedures

The synthesis of monomer y-benzyl-e-caprolactone (BCL) was performed according to a

previously published procedure.%
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Synthesis of PEG-b-PCL

PEG (Ma=~2000 g mol™, 0.35 g, 1.75 x 10 mol) and e-caprolactone (1.0 g, 0.0088 mol)
were added into a Schlenk flask and stirred under vacuum for one hour. At that time, Sn (Oct) (71
mg, 1.75 x 10 mol) was added in 0.2 mL of toluene under a nitrogen atmosphere to the reaction
flask. The reaction was introduced into a thermostat oil bath at 110 °C. The polymerization was
allowed to continue overnight and the reaction was quenched by precipitation in hexane after the

complete consumption of g-caprolactone, yielding solid white polymer (yield = 1.23 g).

'H NMR (CDCls, 500 MHz) &: 1.378 (m, 2H), 1.638 (m, 4H), 2.301 (t, 2H), 3.375 (s, 0.06H),

3.638 (s, 4H), 4.055 (t, 2H); M,=10,500 g mol!; PDI=1.3

Synthesis of PEG-b-PBCL

PEG (Mn=~2000 g mol*, 0.14 g, 7.0 x 10° mol) and BCL (0.76 g, 0.0035 mol) were added
into a Schlenk flask and stirred under vacuum for one hour. At that time, Sn(Oct)2 (28 mg, 7.0 x
10° mol) was added in 0.2 mL toluene under a nitrogen atmosphere to the reaction flask. The
reaction was introduced into a thermostat oil bath at 110 °C. The polymerization was allowed to
continue over night and the reaction was quenched by precipitation in hexane after the complete
consumption of BCL, yielding a clear gel-like polymer (yield = 0.84 g).
IH NMR (CDCls, 500 MHz) &: 1.812 (m, 4H), 2.348 (t, 2H), 3.380 (s, 0.06H), 3.548 (m, 1H),

3.644 (s, 3.7H), 4.143 (t, 2H), 4.468 (m, 2H), 7.301 (m, 4H):; M,=16,900 g mol%; PDI= 1.5

4.3.4 Preparation of Micelles

Polymeric micelles were formed through a solvent evaporation method. The polymer (4

mg) was dissolved in THF (2 mL) and added dropwise to 4 mL of water under rapid stirring and
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the THF was allowed to evaporate. The resulting micelle suspension was filtered through a Nylon

syringe filter (0.22 um) to obtain a polymeric micelle solution with a concentration of 1 mg mL™.

4.3.5 Preparation of DOX Loaded Micelles

DOX loaded, RSV loaded, and combination loaded micelles were prepared in a manner
similar to the empty micelles. DOX-HCI was first neutralized by adding 3 equivalents of
triethylamine in THF. An aliquot of the neutralized DOX or RSV solution containing the
appropriate ratio of DOX, RSV, or a combination of the two was added to a polymer solution. The
drug-polymer solution was then added dropwise into deionized water under rapid stirring. The
resulting suspension was filtered with a Nylon syringe filter (0.22 pm) to obtain a 1 mg mL™
solution of loaded micelles. To determine the drug loading content (DLC) and encapsulation (EE),
the drug loaded micelle solutions were diluted with DMSO in a 1:1 ratio. The absorbance of the
solution at 485 nm was fitted to a pre-established standard curve of DOX in DMSO/DI H20 and

at 320 nm to a pre-established standard curve of RSV in DMSO/DI H20.

4.3.6 Determination of Critical Micelle Concentration (CMC)

The CMC was determined using pyrene, a hydrophobic fluorescent molecule, as a probe.
Various concentrations of polymer samples were combined with a small amount of pyrene (6.0 x
10° M in THF) in 0.2 mL THF. The polymer/pyrene samples were added dropwise into 10 mL of
deionized water. The resulting solutions were stirred for 4 h to allow micelle assembly and
complete evaporation of THF. The resulting solutions contained concentrations ranging from 1 x
10° to 1 g L of polymer and a constant concentration of pyrene. Fluorescence spectra of the

polymer/pyrene solutions were collected at 25 °C with emission wavelength of 390 nm. The ratio
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of intensities of the pyrene excitation peaks at 337.5 nm and 334.5 nm were recorded and plotted
against the logarithm of the polymer concentration (C). The x coordinate at the intersection of the
two trend lines before and after the abrupt increase in the I337.5/l3345 vs. Log (C) curve was taken

to be the critical micelle concentration.

4.3.7 DLS Analysis

Aqueous suspensions of micelles were prepared as stated above at a concentration above
the determined CMC, at 1 mg mL. The micelles were analyzed to determine their hydrodynamic
diameters (Dn) using dynamic light scattering. Size measurements were recorded at 25 °C in

triplicate.

4.3.8 Determination of In vitro Drug Release

A 1 mg mL? solution of combination loaded micelles of PEG-b-PCL and PEG-b-PBCL (4
mL) were prepared. The solution was transferred to a dialysis tube with molecular weight cut-off
of 3500 Da. The solutions were then dialyzed against 15 mL of buffer solution (pH 7.4 or pH 5.0)
at 37 °C over 50 h, with samples taken at specific time intervals to determine the amount of DOX
released over time. At each time interval, 2 mL of external buffer solution was removed and
replaced with fresh buffer. The samples were diluted with DMSO (2 mL) and the absorbance of
the solution was measured to calculate the amount of drug released based on pre-established

calibration curves.

4.3.9 Biological Studies

Unless otherwise indicated, all cell culture experiments were performed using RPMI-1640
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medium with L-glutamine and sodium bicarbonate supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin. Cells were grown in a humidified environment at 37 °C with 5%
CO,. Cell viability studies were performed using the CellTiter-Blue® assay (Promega) according

to the manufacturer’s recommended protocol.

4.3.10 Empty Micelle Cytotoxicity Studies

HeLa cells were seeded in transparent flat-bottom 96-well plates at a cell density of 5,000
cells per well in 100 uL growth medium. After 24 h to allow cell adhesion, the medium was
removed, the cells were washed with 100 pL PBS, and 100 uL fresh growth medium was added
to each well. Empty micelles (1 mg mL™ in PBS) were diluted to concentrations ranging from 0.02
mg mL? to 0.2 mg mL™. Micelle dilutions (100 pL) were added to the cells via a multichannel
micropipette. The cells were incubated for 24 h with the micelles. At this time, the cell viability

was evaluated by the CellTiter-Blue® assay, N=4.

4.3.11 Loaded Micelle Cytotoxicity Studies

HeLa cells were seeded in transparent flat-bottom 96-well plates at a cell density of 5,000
cells per well in 100 uL growth medium. After 24 h to allow cell adhesion, the medium was
removed, the cells were washed with 100 pL PBS, and 100 pL of fresh growth medium was added
to the cells. DOX loaded micelles (1 mg mL™ in PBS), RSV loaded micelles (1 mg mL?), and
combination loaded micelles (1 mg mL™ in PBS) were diluted in PBS to concentrations ranging
from 0.02 mg mL* to 0.2 mg mL™. Loaded micelle dilutions (100 pL) were added to the cells via

a multichannel micropipette. Free DOX and free RSV dosing were given assuming the dose from
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the predetermined drug loading. The cells were then incubated for 24 h with the loaded micelles.

After this time, the cell viability was evaluated using the CellTiter-Blue® assay, N=4.

4.3.12 Cellular Uptake

HeLa cells were seeded in a 35-mm glass bottom dish at a density of 250,000 cells per well
and allowed to adhere for 24 h in 2 mL of growth media. At that time, the medium was removed,
the cells were washed with 2 mL of PBS, and 2 mL of fresh growth medium was added along with
1 mL of combination loaded micelles (0.2 mg mL* in PBS). The cells dosed with combination
loaded micelles were allowed to incubate for 2 hours. After the uptake period, the cells were
washed 3 times with 2 mL of PBS, fixed with 4% paraformaldehyde (incubated at room
temperature for 10 minutes), washed 3 times with 2 mL of PBS, and the nuclei were counterstained

with DAPI. Images were obtained using a BioTek Cytation 3 Cell Imaging Multi-Mode Reader.

4.4 Results and Discussion

4.4.1 Polymer Design and Synthesis

In an effort to understand the effects on loading from the perspective of the choice of
polymer, two different polymers were synthesized in this project, PEG-b-PCL and PEG-b-PBCL.
It was presumed that the addition of a benzyl substituent in the y-position to the hydrophobic block
of the polymer would aid in an increased loading due to its ability to interact with DOX and RSV
through = stacking interactions. The y-benzyl-e-caprolactone was synthesized according to
previously reported procedures and is shown in Scheme 4.1. To synthesize the polymers, a

coordination-insertion ring-opening polymerization was performed using tin(ll) 2-ethylhexanoate
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(Sn(Oct),) as the catalyst and PEG (Mn ~2000 g mol™) as the macroinitiator (Scheme 4.2). PEG
forms the hydrophilic portion of the polymer with PCL or PBCL functioning as the hydrophobic
segment. A ratio of 50:50 hydrophilic: hydrophobic was targeted in order for consistency between
the two polymers. These polymers were characterized with *H NMR spectroscopy and size
exclusion chromatography (SEC). The compositions of the two polymers were shown to be
comparable, with PEG-b-PBCL having a higher molecular weight due to the benzyl substituent.

A summary of the polymer composition and molecular weights is shown in Table 4.1.

@ @ KzCI‘207/H2f§oO4> ¢ mCPBA Q
_Nen

Scheme 4.1. Synthesis of y-benzyl-e-caprolactone monomer.

0
k O\/>;OH + 0 n sitc j(ovﬁﬁ ()K/\/\/O}H
PEG-b-PCL
0
0
foon @ —e ™ % W%
e
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Scheme 4.2. Synthesis of PEG-b-PCL and PEG-b-PBCL through coordination-insertion ring-
opening polymerization.
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Table 4.1. Summary of Molecular Weights and Compositions of the Block Copolymers

MNMR M,SEC mol% mol% cMmC

(g mol?)? (g molY)® PDI® hydrophilic? hydrophobic? (gLY)e
PEG-b-PCL 7700 10500 13 47 53 9.66 x 10
PEG-b-PBCL 13100 16900 1.5 48 52 7.94x 10*

2Determined by 'H NMR spectroscopy PDetermined through SEC with triple detection and THF as the eluent “Determined by fluorescence
spectroscopy using pyrene as a probe

To determine the composition of the polymers, the protons corresponding to PEG at 3.51
ppm were integrated against the protons from the caprolactone unit at either 4.06 ppm for PEG-b-
PCL (Figure 4.1) or 4.14 ppm for PEG-b-PBCL (Figure 4.3) in the *H NMR spectrum. The
molecular weight was determined by *H NMR by the integration of the peak at 4.06 ppm for PEG-
b-PCL and 4.14 ppm for PEG-b-PBCL versus the protons corresponding to methyl end group of
PEG at 3.37 ppm. The molecular weights obtained from SEC are shown to be higher than those
determined through *H NMR, which could be due to differences in the hydrodynamic volume of
the polymers versus that of the polystyrene standards used for calibration. The SEC traces can be

found in Figures 4.2 and 4.4 for PEG-b-PCL and PEG-b-PBCL, respectively.

4.4.2 Self-assembly and Morphology

The CMC of each polymer was determined by fluorescence spectroscopy using pyrene as
a probe. When pyrene migrates from a hydrophilic to hydrophobic environment there is a shift in
the excitation peak from ~334.5 nm to ~337.5 nm. The intensity ratio (ls37.5/l3345) was plotted
against the logarithm of the concentration, where the intersection of the different slopes is
estimated to be the CMC (Figure 4.5). In this case, the CMCs of the polymers were fairly similar,

with the PEG-b-PBCL having a slightly lower CMC at 7.94 x 10 g L (Table 4.1). This can be
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Figure 4.1. *H NMR spectrum of PEG-b-PCL.
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Figure 4.2. SEC trace of PEG-b-PCL with THF as the eluent.
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Figure 4.4. SEC trace of PEG-b-PBCL with THF as the eluent.
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attributed to the benzyl substituent on the PEG-b-PBCL polymer increasing the hydrophobicity of
the PCL segment which can provide more stable micelles.1®

The size of the empty micelles was determined by DLS and the morphology was
determined by TEM. The micelles were formed through a solvent evaporation method where the

polymer was dissolved in THF and added dropwise to DI H>O under rapid stirring. After allowing

the solvent to evaporate, the resulting micelle solution was filtered using 0.22 um Nylon syringe
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Figure 4.5. CMC plots of PEG-b-PCL (left) and PEG-b-PBCL (right).

filters. The PEG-b-PCL formed smaller micelles with an average size of 44.3 nm compared to 71.5
nm for PEG-b-PBCL. Both of the polymers were shown to form spherical micelles with fairly
narrow dispersity as observed through the DLS and TEM images (Figure 4.6). The PEG-b-PCL

had a slightly lower dispersity, but tended to aggregate more as seen by the TEM.
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Figure 4.6. TEM images and DLS of empty micelles for PEG-b-PCL (a and c) and PEG-b-PBCL

(b and d).

4.4.3 Drug Loading Capa

bilities

The DLC and EE of PEG-b-PCL and PEG-b-PBCL were examined by loading DOX, RSV,

and a combination of the two drugs in a ratio of [polymer]:[RSV]:[DOX] at 10:1:1. The micelles

were loaded through a solvent evaporation method using THF as the solvent. The DLC and EE

were determined by measuring the absorbance at 320 nm for RSV and 485 nm for DOX and fitted

against a pre-established calibration curve. The DLC and EE were calculated according to the

following equations:

DLC =

amount of drug loaded

amount of polymer
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amount of drug loaded
EE = , x100
theoretical amount of drug

The combination loaded micelles were shown to have the highest loading for DOX in both
PEG-b-PCL and PEG-b-PBCL (Table 4.2, entries 3 and 6), showing that by combining the two
drugs, more DOX could be encapsulated than when loading DOX alone. This could be due to
interactions between the two drugs such as hydrogen bonding, n-stacking, or both. Finding ways
to increase loading efficiencies of these drug carriers is beneficial, since polymeric micelles suffer
from low DLC and EE,*%>1% which will improve the effectiveness of these systems. The loading
of RSV continued to be low even when loading in combination, but was shown to increase
significantly in the case of PEG-b-PBCL (Table 4.2, entry 4). PEG-b-PBCL exhibited the highest
drug loading overall due to the presence of benzyl substituents on the hydrophobic segment which

enable m-stacking between the polymer and the drugs.

Table 4.2. DLS and EE of Combination Loaded Micelles.

Entr Polvmer Ratio DLCRSY EERSY DLCPOX EEPOX
y ¥ [Polymer]:[RSV]:[DOX] (%)? (%)? (%)° (%)°
1 PEG-b-PCL 10:1:0 0.24 2.4 - -
2 10:0:1 - - 0.96 9.6
3 10:1:1 0.06 0.6 1.08 10.8
4 PEG-b-PBCL 10:1:0 0.22 2.2 - -
5 10:0:1 - - 3.10 31.0
6 10:1:1 1.87 18.7 8.77 87.7

2Determined by fitting to a pre-established calibration curve at 320 nm "Determined by fitting to a pre-established calibration curve at 485 nm
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To further explore the effect of combined loading of the two drugs, various ratios of
polymer, RSV, and DOX were examined using PEG-b-PBCL, since it showed a higher loading
capability than that of PEG-b-PCL. First, the amount of polymer used for loading was varied in
the following ratios [PEG-b-PBCL]:[RSV]:[DOX]: 20:1:1, 10:1:1, and 5:1:1. It was shown that
5:1:1 had the highest EE of DOX at 91.1%, however it was only slightly higher than that of the
10:1:1 ratio at 87.7%. The 20:1:1 had the lowest DLC and EE for DOX at 1.72% and 34.3%
respectively. For the loading of RSV, 10:1:1 had the highest EE at 18.7% compared with 11.9%
for 5:1:1 and 5.16% for 20:1:1 (Figure 4.7, a and d). Since the 10:1:1 had the highest EE for RSV
and a comparable EE for DOX, the polymer:drug ratio was kept constant at 10:1 and further studies
for RSV and DOX variations were carried out.

For further optimization of the ratio of RSV to DOX, the [PEG-b-PBCL]:[RSV]:[DOX]
ratio was varied from 10:1:1 to 10:5:1, with the amount of polymer and DOX kept constant. It was
shown that with increasing ratio of RSV there was a higher DLC of RSV up to the ratio of 10:3:1.
The highest RSV loading was achieved at 10:3:1 with a DLC of 4.44% and EE of 14.8%. At the
ratio of 10:5:1, a considerable amount of RSV precipitated out causing the lowest loading for RSV
with a DLC and EE for the set at 1.02% and 2.0% respectively. However, in terms of DOX loading,
as the ratio of RSV to DOX increased, the DLC and EE of DOX decreased indicating that a lower
ratio of RSV was preferred in terms of DOX loading (Figure 4.7, b and e).

Finally, the amount of DOX was varied with respect to polymer and RSV. The [PEG-b-
PBCL]:[RSV]:[DOX] ratios were varied from 10:1:1 to 10:1:5. As the ratio of DOX increased, the
DLC increased up to 34.25%. However, although the DLC increased, the EE decreased as the ratio

of DOX increased. In respect to RSV, the amount of RSV loaded in the micelles remained low
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Figure 4.7. Absorbance spectra of drug loading variations (a) polymer variation, (b) DOX
variation, and (c) RSV variation. Encapsulation efficiencies of drug loading variations (d) polymer
variation, (¢) DOX variation, and (f) RSV variation

(Figure 4.7, c and f). Based on the EE throughout all of the variations, the best ratio for DOX and
RSV loading remained at 10:1:1. Hence, the ratio of [polymer]:[RSV]:[DOX] =10:1:1 was chosen

to observe changes in size and morphology measurements, as well as cellular studies. A full

comparison of DLC and EE is available in Tables 4.3-4.5.

4.4.4 Size and Morphology of Combination Loaded Micelles

The size of the combination loaded PEG-b-PCL and PEG-b-PBCL micelles was

investigated using DLS. It was shown that there was a relatively small size increase from the empty
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Table 4.3. Drug Loading Results with Varying Ratios of Polymer PEG-b-PBCL.
Ratio
[Polymer]:[RSV]:[DOX] DLCRV(%)? EERV (%)°  DLC®X(%)®  EEPOX (%)°

20:1:1 0.26 5.16 1.72 34.3
10:1:1 10:1:1 1.87 18.7 8.77
5:1:1 2.37 11.9 18.23 91.1

2Determined from pre-established calibration curve at 320 nm PDetermined from pre-established calibration curve at 485 nm

Table 4.4. Drug Loading Results with Varying Ratios of RSV in PEG-b-PBCL.
Ratio
[Polymer]:[RSV]:[DOX] DLCRV(%)? EERY (%)° DLCP%% (%)° EEPOX (%)°

10:1:1 1.87 18.7 8.77 87.7
10: 2:1 2.17 10.9 7.17 71.7
10:3:1 4.44 14.8 6.34 63.4
10:5:1 1.02 2.0 6.33 63.3

2Determined from pre-established calibration curve at 320 nm PDetermined from pre-established calibration curve at 485 nm

Table 4.5. Drug Loading Results with Varying Ratios of DOX in PEG-b-PBCL.
Ratio
[Polymer]:[RSV]:[DOX]  DLCR(%)? EERSY (%)? DLCP%X (%)® EEP°% (%)°

10:1:1 1.87 18.7 8.77 87.7
10:1: 2 0.95 9.48 16.37 81.9
10:1:3 0.70 7.02 22.18 73.9
10:1:5 1.64 16.4 34.25 68.5

2Determined from pre-established calibration curve at 320 nm Determined from pre-established calibration curve at 485 nm

micelles for PEG-b-PCL to an average of 47.6 nm from 44.3 nm and PEG-b-PBCL to 84.4 nm
from 71.5 nm. The smaller size increase for PEG-b-PCL is possibly due to the low loading capacity

of these polymeric micelles. DLS spectra featuring a comparison of the size change between the
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empty and loaded micelles is available in Figures 4.8 and 4.9. The DLS spectra and TEM images
of the combination loaded micelles for both polymers are shown in Figure 4.10. The size
determined from TEM is in agreement with the values that were obtained for DLS measurements
as well. The TEM shows that the micelles retain their spherical shape and the micelles have a
narrow dispersity. The sizes of the combination loaded micelles are in a range appropriate for
participation in the enhanced permeability and retention (EPR) effect, which should allow for

permeation and accumulation of the micelles in tumor tissue.®’
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Figure 4.8. DLS size comparison of empty and RSV and DOX combination loaded PEG-b-PCL

micelles.
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Figure 4.9. DLS size comparison of empty and RSV and DOX combination loaded PEG-b-PBCL
micelles.
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Figure 4.10. TEM images and DLS of combination loaded micelles for PEG-b-PCL (a and c) and
PEG-b-PBCL (b and d).

445 Invitro Drug Release

The DOX release profiles were evaluated for combination loaded PEG-b-PCL and PEG-
b-PBCL in buffer solutions at pH 7.4 and pH 5.0 (Figure 4.11). PEG-b-PCL showed significantly
higher drug release at both pH 7.4 and pH 5.0 over PEG-b-PBCL, which is believed to be due to
the favorable interactions of the DOX with the benzyl substituents causing a slower release. After
12 h, PEG-b-PCL showed cumulative release over 90% for pH 5 and over 80% for pH 7.4. On the
other hand, PEG-b-PBCL showed cumulative release around 60% at pH 5 and 50% around pH
7.4, indicating that the PEG-b-PBCL micelles were more stable and had a more controlled release

over time. The release at pH 5 is faster for both PEG-b-PCL and PEG-b-PBCL, due to the
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degradation of the polymer backbones from hydrolysis of the ester groups. The micelles were

fairly stable up to 4 hours with minimal release, and highest release beginning around 12 h.
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Figure 4.11. In vitro drug release over time of DOX from PEG-b-PCL and PEG-b-PBCL
micelles at 37 °C.

4.4.6 Cytotoxicity of Empty and Combination Loaded Micelles

The cytotoxicity of empty micelles was measured using human cervical cancer cells
(HeLa) over a 24 h period with doses ranging from 0.02 mg mL™ to 0.2 mg mL™* polymer in PBS
(pH 7.4) (Figure 4.12). The cells showed high viability after being exposed to the polymer for 24
hours indicating that the polymers themselves were not cytotoxic. In order to assess the effect of
the co-loading of the DOX and RSV in cytotoxicity experiments, HeLa cells were exposed to
polymers loaded with DOX only, RSV only, and a combination of the two at different dosing
concentrations ranging from 0.02 mg mL to 0.2 mg mL™ polymer in PBS (Figures 4.13 and 4.14).

The loaded micelles were compared with free dosing of DOX, RSV, and a combination of DOX
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and RSV that was dosed based on the amount of drug loaded in the micelles according to drug
loading determinations. It was shown that the cells treated with either RSV loaded micelles or free
RSV did not show decreased cell viability when compared with those of the empty polymer.
Micelles loaded with DOX only and free DOX were shown to have decreased cell viability for
both polymers, with DOX loaded PEG-b-PCL micelles having lower cytotoxicity than PEG-b-
PBCL micelles due to their decreased DOX loading. However, the cells that were treated with
combination loaded micelles or a combination of free DOX and RSV had the lowest viability. This
was expected, as previous studies have shown that RSV can act as a chemosensitizing agent.*®® In
addition, as shown with previous loading studies, the combination loaded micelles also contained
the highest loading of DOX which should result in higher cytotoxicity to the cancer cells. Overall,
the combination loaded PEG-b-PBCL micelles performed the best in the cytotoxicity studies as

expected due to the highest DOX content of the micelles.
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Figure 4.12. Cytotoxicity of PEG-b-PCL and PEG-b-PBCL empty micelles on HeLa cells after
24 hours.
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Figure 4.14. Cytotoxicity of DOX, RSV, and combination loaded PEB-b-PBCL micelles on HeLa

Figure 4.13. Cytotoxicity of DOX, RSV, and combination loaded PEG-b-PCL micelles on HeLa
cells after 24 hours.

cells after 24 hours.

Cellular uptake studies were performed with combination loaded micelles of PEG-b-PCL
102

and PEG-b-PBCL. HeLa cells were plated in 35-mm glass bottom cell culture dishes and dosed

4.4.7 Cellular Uptake



with combination loaded micelles. After 2 h, the cells were fixed with paraformaldehyde and the
nuclei were stained with DAPI. The cells were imaged to confirm the uptake of the micelles into
the cancer cells (Figure 4.15). It was shown that the polymeric micelles were taken into the cells
through endocytosis, with the DOX accumulating in the nucleus of the cells. It appears that the

RSV is contained throughout the cells and does not preferentially accumulate in the nucleus.

DAPI Merge

Figure 4.15. Cellular uptake of combination loaded micelles into HeLa cells after 2 hours.

PEG-b-PBCL PEG-b-PCL

45 Conclusions

The combination therapy of DOX and RSV has previously been shown as a way to improve
cancer treatments through the synergy of the two drugs. RSV can act as a chemosensitizing agent,
while also providing cardioprotection against the harmful effects of DOX treatment. As shown in
this article, the combination loading of DOX and RSV into polymeric micelles provides further
benefits with the use of RSV actually increasing the amount of DOX loaded into the micelles. The
increased loading of DOX is beneficial in micellar drug delivery systems since often they are

limited in their drug delivery capabilities. To the best of our knowledge, this is the first time an
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increase in drug loading based on the combined use of DOX and RSV has been reported. This
combination loading strategy is a new method that provides many benefits, enabling more efficient

micellar drug delivery systems.
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