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Abstract

Long term, localized continuous release of Endostatin (END) in the vicinity of tumour
bed represents a new strategy for neoplastic treatment. The main reason of localization is

to maximize the therapeutic outcome and at the same time to reduce the toxic effects on

the surrounding tissues due to the exposure to the angiogenesis inhibitory effect of END.
The main objective of this study was o design and formulate a biodegradable and
biocompatible polymeric device for delivering END at a sustained and constant rate, and
at a concentration within its therapeutic window by utilizing the osmotic release
mechanism. The new device was prepared by mixing of END with osmotically active
excipients and incorporate the mixture as solid particles within a rubbery polyermic

matrix. The results demonstrated that this new device achieved a constant and sustained

release rate for END for a certain period.
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Chapter 1.

1.1 Overview

Over the past few decades, and with the development of recombinant protein
technology, there has been wide interest in using therapeutic proteins for the treatment of
viral and neoplastic diseases. Endostatin (END) is one of the powerful angiogenic
inhibitors that has been investigated for cancer therapy. The use of END for long-term
and localized delivery has been hindered by the lack of a delivery vehicle that can release
active END at a sustainable rate within the therapeutic window. The most widely used
route of administration for protein drugs is systemical, via multiple injections. This route
has been reported to have many problems. As a result, it is a highly desirable goal to
prepare and develop a device that can provide a persistently high dosage at a continuous
release rate locally within the target area, with minimal systemic exposure to the systemic
circulation. The following review of literature outlines the mechanism of action,
physiochemical properties, pharmacokinetics and different modes of delivery of END.
The advantages and disadvantages of delivery systems of END have been evaluated in
order to determine the optimal method to administer this polypeptide drug. The following
chapters describe the synthesis and characterization of a novel biodegradable elastomeric
delivery system to deliver this drug with a constant and sustained release. Two
hydrophilic drugs were used in the study. Pilocarpine Nitrate (PN) was used as a model

drug as it is a peptidomimetic, and Endostatin (END) was used as a model protein drug.



Chapter 2. Endostatin: Evaluation of Delivery Systems and Routes of Administration

Used in Cancer Therapy

2.1 ABSTRACT

Over the past two decades, Endostatin (END), one of the potent angiogenesis inhibitors
has become a treatment for a variety of tumors and viral diseases. Several routes and delivery
strategies have been reported to deliver END, however, few of them have been successful in
the reduction of side effects and the optimization of the therapeutic outcome. The mechanism
of action, physiochemical properties, pharmacokinetics and different modes of delivery of
END are discussed in this review. The advantages and disadvantages of the delivery systems of
END have been discussed to direct the study and determine the most appropriate method to
administer this drug. To conclude, a long-term, site localized delivery and sustained release of

END are very important strategies for the delivery of this polypeptide drug.

2.2 INTRODUCTION

“The clinical use of anti-angiogenic agents developed following the introduction of the
angiogenesis theory by Folkman in 1971." Many clinical studies have demonstrated them o be
effective in the treatment of viral, neoplastic, and metastatic diseases.* Many excellent

research papers have reviewed their stability, immunobiological properties, amino acid

s

sequence, classification and the mechanisms by which they exert their anti-tumoral activiti

0



Angiogenesis is a normal process in the body, and involves the production of new blood
vessels from existing ones. The angiogenesis process is characterized by a number of

events. Prior to ization, endothelial cells exist in a near inert state

with only about 1 in every 10,000 undergoing division at a given time." The tumover rate of
endothelial cells increases up to 50-fold during the formation of a new vascular bud.' These
events require the remodeling of the extracellular matrix, which can also promote angiogenesis
by angiogenic stimulators. The extracellular matrix surrounds the vessels and growth factors
combine to promote endothelial cell migration towards the tumor mass. These endothelial cells
supply the framework for the new vessels. Endothelial cell sprouts organize into tubular
structures and connect to the vascular network.” Generally, newly formed capillaries are
composed of two cell types, endothelial cells and pericytes, which have the capacity to produce

entire capillary networks.

‘This process is necded to provide the cells with the necessary nutrients and oxygen
required for their survival. Angiogenesis is also required whenever there is growth of new
tissues, such as during fetal development, wound healing, and the menstrual cycle. Vessel
growth is normally controlled by a finely tuned balance between angiogenic inhibitors and
stimulators."*"* When new capillary growth is desired, the angiogenic stimulators launch
signals to the endothelial cells (EC) that line blood vessels. The activated EC will then produce
enzymes that break down the surrounding tissue, which permits the EC to proceed beyond the
confines of the blood vessel. The EC continue to divide and differentiate, until sprouting and
new capillary branch formation is completed." It is also reported that tumor growth affects this

equilibrium between stimulators and inhibitors to stimulate new capillary growth, needed for



their nourishment to continue to grow. With access to the circulatory system, the tumors can

‘metastasize to other parts of the body."

According to the mechanism of action, there are two main classes of angiogenesis
inhibitors, designated as direct and indirect inhibitors."” Direct inhibitors such as END and
Angiostatin target EC rather than the tumor cells themselves."® In addition, they seem to
preferentially target tumor EC versus normal EC by inhibiting the EC proliferation, migration,
and tube formation of the tumor and induce apoptosis.'®?' Indirect angiogenic factors, such as
Interferon-alpha and Ribavirin, target tumor cells by preventing the expression of angiogenic
growth factors and their receptors.?® It has been suggested by Hanahan er al that direct
inhibitors of angiogenesis may be subdivided into three other subgroups.* The first group is
the pure angiogenesis inhibitors, which inhibit the new vessel growth but have no effect on
existing tumor vessels. The second group is the tumor vessels toxins which damage existing
tumor vasculature and, the third group to which END belongs is called the dual action agents,

‘which combine these two effects.

In cancer treatment, END is administered as a combined therapy to tumor cells. It acts
as an adjuvant and enhances the delay in tumor growth. END possesses several properties
related to tumor neovascularization that makes it different from the other anti-angiogeneic
factors. First, it is a potent inhibitor of EC proliferation, migration, tube formation, and tumor
growth. Second, it directly induces apoptosis. Finally and the most important, it does not
develop drug resistance which prevents EC from responding to various proangiogenic

stimuli, 72425




Since its discovery, END has been reported to have many applications in the treatment
of a number of immunological, viral and neoplastic diseases. These include endometriotic
nao

lesions,® a number of different ectopic tumors, coronary artery  diseases,”’

1 )

atherosclerosis,™! rheumatoid arthritis,”? proliferative diabetic retinopathy,” obesity, Down

Syndrome,*® ectopic tumors,™® gliosarcoma,”™** metastatic breast cancer,” and different types
of carcinomas.*** A sustained and high dose of END was always needed on the target site in
cases where reaching the tumor site by the systemic route is impossible, as in the case of brain
tumors.”® For the treatment of the diseases mentioned above, END has attracted extensive
attention and, in the last two decades, scientists have been exploring its clinical uses and
therapeutic potential. Now, angiogenesis inhibitors are being studied in over 100 laboratories
and 40 biotechnology companies. A detailed list of angiogenic agents currently under study

‘may be found in many other reviews. "5

“The first human clinical trials using END began in 1999 This trial was a phase I trial
that was designed to study the safety of the drug rather than its effectiveness. This type of trial
typically uses small numbers of patients; in this case, the patients were in advanced stages of
metastatic pancreatic and colorectal and other solid tumors.*™*” Even though, END has been
shown to be remarkably safe and non-toxic compared to chemotherapy, and many patients
have shown an arrest in tumor growth, the actual determination of effectiveness took place
during follow-up trials.*® Phase II trials, that directly lead to Food and Drug Administration
(FDA) approval for marketing of the drugs, began in 2002 and ended in 2006 for

neuroendocrine tumor patients. The results were disappointing for Folkman’s team and many



other researchers, and showed no significant tumor regression in these patients. The drug was

not advanced to phase 111 studies because phase II studies showed no tumor response.

Folkman and Luo Yongzhang made a few amino acid alterations that made END more

potent and longer lasting in the blood. This new version of END, Endostar, has returned END
back to the attention of researchers,” and the promising results of a phase III study for

Endostar have been published in a peer-reviewed journal **

Although END has been extensively investigated for a broad range of indications, it
possesses properties that have limited its clinical use. Systemic delivery, which is the major
toute used to administer END, has inherent disadvantages. These disadvantages include the
necessity of repeated injections due to the short half-life of END, the fact that treatment needs
to be continuous to sustain tumor dormancy, the risk of toxicity and the high expense.
Additionally, dosages used in preclinical studies are not feasible for prolonged patient
therapy.*"* These limitations have inspired the investigation of novel modes to deliver this
angiogenesis inhibitor to enhance cither targeting or delivery in order to achieve higher
therapeutic outcomes while minimizing its shortcoming. In the following sections, focus will
be placed on the different strategies to optimize the angiogenic therapy of END by describing

its physiochemi inetic (PK), and physiological aspects. , emphasis

will be placed on the best routes and delivery systems used in the local delivery of END.




2.3 MECHANISMS OF ACTION OF ENDOSTATIN

As with other FDA-approved angiogenesis inhibitors such as Avastin, researchers still
do not know the exact biological mechanism of END. Many theories were introduced to
describe the anti-angiogenic and antitumor activities of either angiogenesis inhibitors in
general or END in particular. These hypotheses include the prevention of tumor spread and
metastasis through the same mechanism that is involved in chemotherapy and radiotherapy****
and/or it exerts its action as growth control regulations of the cancer cells™ and/or it is acting
on the immune system.*”*” Until now, most of the issues relating to how END exerts its effect

are unclear. Research to determine the exact molecular mechanisms for END are still ongoing.

Many studies support the idea that tumor cell growth is controlled by a dynamic balance
between angiogenic factors [such as vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) and angiostatic factors (such as angiostatin or END)].****
Imbalance between angiogenic promoters and inhibitors produces the intense angiogenesis
which is characteristic of many pathological processes, including diabetic retinopathy,
rheumatoid arthritis,’’ endometriosis”® and malignant tumors.** Factors influencing
angiogenesis are derived both from tumor cells and infiltrating cells, such as macrophages and
fibroblasts. The change in the balance between angiogenic and angiostatic factors, the
angiogenic switch, has increasingly become recognized in the field of tumor biology as a

critical step in tumor propagation and progression.**®”

Migration of tumor and endothelial cells through the tissue extracellular matrix is

facilitated by a group of enzymes known as matrix metalloproteinases (MMPs). These




enzymes, which are secreted by the same cells that produce angiogenic factors, are responsible
for the breakdown of the tissue matrix surrounding the growing vessels and tumor.* Inhibition
of the catalytic activity of MMP catalyzing the proteolysis of extracellular matrix and
mediating tumor cell invasion into adjacent tissues and endothelial cell migration during
formation of new capillaries is one of the mechanisms underlying anti-angiogenic and
antitumor effects of END.* Some of the classical cellular pathways of END are shown in

Figure 2.1.

Figure 2.1 A proposed mechanism of direct and indirect action of angiogenesis inhibitors on
the endothelial cells. (Diagrams drawn by Hany Ellsboudy) VEGF: vascular endothelial
‘growth factor, bFGF: basic fibroblast growth factor, and MMPs: matrix metalloproteinases.

In another attempt to determine the mechanism of action of END, it was revealed that

the study of the crystal structure of human and murine END showed that END has a zinc




binding site and a potent heparin binding site. This zinc binding of END was reported to be
essential for its anti-angiogenic activity and molecular stability.”” In addition, structure-
function studies have implicated heparin/heparan-sulfate binding as being important for the
activity of END, leading to speculation that END may bind the endothelial cell surface via
heparin/heparan-sulfated proteoglycans.” Whether END exerts it effect following cell surface
receptor binding or, as was recently reported, by intemalization, remains o be elucidated. The
END treatment of endothelial cells has been correlated to a S to G1 block in the cell cycle and
to specific tyrosine phosphorylation activity suggesting that downstream effects of END may
be mediated by specific tyrosine phosphorylation events.™ Another manner by which END
clicits its antitumor action is through the indirect stimulation of the immune system causing a
sequence of immunological reactions and stimulation of some of the immune system
components. Both humoral and cellular effects are produced and these may depend on the dose:

of END administrated and its timing in relation to the immune process.”"

END also exerts its indirect cytotoxic and direct cytostatic action via inhibition of the
blood supply to tumor tissue. Therefore, the prolonged administration of an anti-angiogenic
therapy may be necessary to obtain long-term suppression of tumor growth. Consequently, the
local delivery of a potent angiogenic inhibitor would be a valuable treatment strategy for solid

tumors such as gli leading to an ion of the anti-angiogenic proteins at the

tumor site in the brain.”



More basic scientific research sill needs to be done to characterize and trace the
pathway of the END to ascertain its mechanism of action. There are many other proposed

mechanisms,”” but the understanding of how END works is still unclear.

2.4 STRUCTURE & PHYSIOCHEMICAL PROPERTIES OF ENDOSTATIN

END is a 20 kDA C-terminal proteotically cleaved fragment of collagen XVIIL It is
reported to be composed of 184 amino acids and is naturally present in many adult and
embryonic human tissues.™ As a proteolytically cleaved fragment of collagen XVIII, END
shares the identical amino acid sequences and secondary structure as the corresponding

fragment of collagen XVIIL

The structure of END is different from other angiogenesis inhibitors. Its structure is
unique as its secondary structure is mainly irregular loops of f-sheets and contains only a small
fraction of a-helices with two pairs of disulfide bonds in a nested pattern."® Mismatch of
disulfide bond may result in protein aggregation, and multimer formation, however the anti-
angiogenesis activity does not change, as the multimer exerts its higher activity by providing a
more suitable molecular structure for molecular interaction with heparin ~sulfate

proteoglycans.””

The ultra-structure scanning of recombinant murine and human END has been carried

out,™” and it predicts a compact globular protein that probably exists as an extracellular
module even prior to cleavage from collagen XVIIL. Furthermore, its structure reveals a large

basic sequence made up of a cluster of arginine residues and predicts for Arg 193/Arg 194 and



Arg 259/Arg 260 o be the putative heparin binding site. There are two interesting and unique
characters of END. The first one is that small fragments of END, with or without cysteine,
have remarkable anti-angiogenesis activity.*”** Unlike cytokines, END has no single locus for
its bioactivity and it functions in a different manner. The second one has a great advantage, its
lack of toxicity and the fact that, unlike other commonly used chemotherapeutic agents, it does

not lead to the development of acquired drug resistance.*"

END was originally obtained by purifying and isolating the naturally occurring protein

from the supernatant of cultured murine i i cell line or from

of patients with chronic renal failure.* Currently, recombinant END (tEND) is produced via
recombinant protein technology from different sources including human embryonic cells,™

baculovirus®® Escherichia coli, Pichia_ pastoris™

and Hansenula Polymorpha_ expression
systems.” There is a high degree of amino acid identity and homology reaching up to 99%

between human and murine rEND.*

Recombinant END produced by an eukaryotic system (yeast, Pichia pastoris)” was
found to be soluble and showed both in vitro and in vivo anti-angiogenic activities in various
tumor animal models. However, the low yield and high cost limited the use of this technique of
expression for large-scale production. On the other hand, although the use of prokaryotic
systems (bacteria, Escherichia coli)’’ demonstrated angiostatic activity and was more
cconomical than the eukaryotic system, the END produced by this method was insoluble. It
was found that bacterial rEND forms insoluble amyloid fibers which aggregate as the f-sheets

of the polypeptide backbones and are stacked via intermolecular rather than intramolecular



hydrogen bonds, thus forming a cross-B-sheet and therefore rendering it insoluble.* The

soluble and aggregated (insoluble) forms of rEND have similar physiochemical propertics,

molecular weight, heparin binding ability, and anti-angiogenesis activity,** and

demonstrated no cytotoxicity to primary human umbilical vein endothelial cells or to human

dermal microvascular endothelial cells.”"

Recombinant END has been reported to have the same biological activity as naturally
occuring END™ but, as with many other recombinant proteins, it possesses some differences in
its glycosylation.™ It is recognized that, in contrast to the naturally occurring END, rEND
partially or completely lacks the carbohydrate moieties attached to its structure which
decreases the half-life of the rEND in the blood stream.”*** The carbohydrate chains in END

are of mucin type with galactose N-acetylglactosamine core unit of O-glycans,” and usually,

this disaccharide is substituted by one or two sialic acid moites.* The sugar moiety in END is
assumed to increase its solubility, it protects the END from undesirable digestion by enzymes
and regulates the interactions of END with cell receptors It was found that different
glycosylation levels regulate intracellular signaling cascades relevant to tumorigenesis.”*
Furthermore, the level of glycosylation differs between the in viro and the in vivo which can
be attributed to the fact that the growth conditions of cells in a living organism promote the

glycosylation in a way that has not been reproduced in vitro.”

END is basic, with an isoelectric point at about pH 8.93.% Itis reported to be one of the
acid-resistant polypeptides that tolerates acidic conditions. It was found that END remains

stable and keeps its activity and native structure at a pH as low as 3.5. Such acid resistance




might be attributed to its tightly packed structure and/or due to its lower accessibility to protons
and/or due to its stable conformation. Recently, trifluoroethanol has proven to stabilize the
helical structure of native END by strengthening the hydrogen bonds. Therefore it makes END
more acidic resistant in the lower pH region. However, it is found that END partially or
completely degrades at pH values less that 2.0."° On the other hand, END, like other
polypeptides is very sensitive to heat. The triple helix of cleaved collagen molecules undergoes
thermal melting at 37°C and thermal denaturation and unfolding of intact collagen molecules at

temperatures greater than 42°C.'®

2.5 THE PHARMACOKINETICS OF ENDOSTATIN
The maximum level of END concentration in the bloodstream is dependant on its

physiochemical properties which include size, molecular weight, degree of glycosylation, **

dosage form, and its route of administration. ™" The intravenous (iv) route has been used for

END delivery,'"® however, other routes of administration have been used in various clinical

studies which include intratumoral (im),'"*'™ intraarterial (ia),'® intraperitoneal (ip),'®

intracerebral (ic),'”” and subcutaneously (sc). '®

Recombinant human Endostatin (thEND) has a short elimination half-lfe time after iv
administration in rats.'” END given by the sc route to Rhesus monkeys has a longer half-
life.""® The se and im routes result in a more extended half-life because these two routes form a
depot after injection that allows a slower release of END. Simultaneously, other researchers
attempted to prolong the half-life of END using an antibody moiety and achieved a four fold

increase."!



Pegylation technology is a particularly attractive approach to increasing the utility and
efficacy of injectable drugs.'">"" The term pegylation refers to the conjugating of protein
drugs with the polymer poly-ethylene glycol (PEG). Because altering the drug molecule can
improve both the pharmacokinetic and the pharmacodynamic properties of the drug, pegylated
drugs generally have longer plasma half-lives and durations of bioactivity than their
nonpegylated ones. Pegylation provides the drug with many benefits such as greater biologic
activity, longer circulating half-life, less enzymatic degradation, less immunogenicity and
antigenicity, less toxicity, greater solubility, less-frequent administration, better patient

adherence and improved quality of life."">""*

Whether given by iv, sc or im, END requires a relatively frequent and repeated regimen
of administration. For example, the dosing schedule for the treatment of adenocarcinoma is iv
bolus 300 mg/m?*/day.'®" This dosing schedule requires a health care professional, adding a
health care burden, and is hurtful, painful and inconvenient for the patient. Therefore, there is a

need for a delivery system that does not require the daily involvement of a health care

professional and/or inconvenient lifestyle for patient.

2.6 LOCAL VERSUS SYSTEMIC DELIVERY OF ENDOSTATIN
Local administration might be an excellent solution to overcome the many challenges

for the delivery of END.



There are several papers in the literature that emphasize the use of END for the
treatment of different metastatic tumors, and other clinical conditions. However, few have
reported on the most effective and least toxic routes of delivery. The major route of END
delivery to the human body is systemic, (iv, im, sc, and ia)."""'"'%!% Sysiemic routes have
tremendous disadvantages, such as the uneven and unexpected distribution of END fragments
throughout the body tissues and fluids, sometimes at a distance away from the tumor bed." In
addition, the concentration of END in the blood stream does not necessarily reflect the

therapeutic  outcome.'”"!""

Furthermore, the dilution effect, hepatic metabolism, and
glomerular filtration will reduce the END concentration in a very short time and consequently
will reduce the bioavailability of END. Fortunately, the high dose of END to which different

organs and tissues are exposed have minimal toxic or side-effects on the function of the

END has a short half-life in the bloodstream; therefore, this short time would

minimize the exposure of many tumor sites that need high doses. Additionally, the high
doses used in preclinical studies are not likely to be feasible for prolonged patient
therapy.'"” The cost of END production and the painful regimen of delivery is not sutable
for cancer patients. The fact that treatment needs to be continuous to sustain tumor

dormancy necessitates repeated injections.

END has required doses as high as 20 mg/kg/day to demonstrate antitumor responses in
mice.** If similar doses are required in humans, systemic administration of END to cancer

patients is not feasible.” Human END is rapidly cleared from the blood and therefore, to




achieve significant tumor regression, a high amount of END would be required. These
challenges have inspired a search for novel delivery systems to enhance either targeting or

delivery of END.*

Local administration of higher doses of END, up to 20 mg per kg, daily via
intracerebral microinfusion caused potent inhibitory effect on Lewis and ovary
carcinomas, hemangioma (EOMAY), fibrosarcoma T241, melanoma B16F10, and in some
cases, END caused total regression of tumors."" The antitumor potential of END with the
lack of marked nonspecific toxicity and tumor resistance allows it to be considered as a
promising antitumor chemotherapeutic agent. However, the development of a stable
effect requires the use of high daily doses (from 10 to 100 mg per kg) because of
characteristic distribution and excretion of the administered protein.** Phase I studies with
thEND given as daily iv bolus injections showed no drug-related toxicity. However, the
pharmacokinetic analyses revealed that, at the highest dose that could be practically
administered, the drug exposure was lower than that yielding maximum tumor growth

inhibition in preclinical studies."”

Many research papers have reported on the delivery of angiogenesis inhibitors
using different routes of administrations and compared the efficiency and safety issues.
Daily systemic administration of 2.5 mg/kg END for more than 16 days resulted in a 53%
inhibition in tumor growth in a Lewis lung carcinoma model.* In a renal cell carcinoma
model, thEND injected daily sc (10 pg/kg/day) around the tumor for four days led to a

61% inhibition of tumor growth after 20 days.” Many researchers have demonstrated that




local or systemic administration of non-viral END plasmid significantly inhibited the
growth of several tumor types, including lung, breast, kidney, and sarcoma tumors.""”
However, a sustained local high concentration from paralesional injections resulted in a
dose-dependent improvement of the antitumor effect and a cure rate that might be greater
than that from a systemic administration.*'*""” Therefore, a continuous and local
delivery system would provide a significant improvement over the other routes of

‘administration.

Continuous local delivery of END may offer an effective therapeutic approach to the
treatment of a variety of tumor types.” It provides a high drug concentration around the tumor
tissues and at the same time reduces the exposure of the surroundings to this angiogenesis
inhibitor. Recently, several strategies including an osmotic pump, cell encapsulation, polymer
implants and recombinant technology, have been examined to demonstrate the efficacy of local

delivery on the therapeutic outcome.

In studies examining the efficacy of continuous delivery of angiogenesis inhibitors,
Giusanni et al., recently showed that continuous local ic delivery via an osmotic mini-pump
connected to an intracranial catheter resulted in higher antitumor efficacy against established
glioma xenografts compared to continuous systemic administration or daily injections.'™ In a
similar study, Kisker et al., have reported that continuous delivery of END could be achieved
using osmotic pumps.'® In another study, Alzet mini osmotic pumps implanted ip and used to
administer END continually to sc Lewis lung carcinoma led to 81% inhibition in tumor size

compared with a single bolus administration of 100 mg/kg/day for 23 days, which led to 90%



tumor inhibition. However, these mit

pumps had to be refilled every 7 days to achieve this

level of inhibition.'"”

Cell encapsulation technology for END presents several advantages including the
secretion of de novo produced END,'' and it overcomes the major problems that confront the

systemic delivery of END for use in the treatment of brain tumors.”” Some studies

that a single administration of mi engineered cells that
continuously secrete END significantly inhibited human  glioblastoma xenografis. Animals
treated with encapsulated END cells exhibit a 72% inhibition in tumor growth 21 days post
‘microcapsule injection.” The encapsulation delivery system allowed local and continuous
release of biologically active human END for the treatment of glioma. This delivery technique
may be useful for the treatment of brain tumors, wherein the blood-brain barrier can impede
systemic treatment of anti-angiogenic agents. Increasing the amount of encapsulated cells may
permit a higher concentration of human END to be obtained, which may lead to higher tumor

inhibition.”

‘The above strategy aimed to enhance local delivery of angiogenic inhibitors by the local
implantation of encapsulated producer cells engineered to express END. In two studies
examining the efficacy of this approach, a reduction in tumor growth of over 70% in orthotopic
glioma tumor models was found.*"'** In addition, Dr. Tracy-Ann Read and her colleagues at
the University of Bergen have described a method that delivers cells capable of producing
END directly to the site of the tumor, but in the form of gel covered beads that are undetected

by the immune system. The team injected the beads into the brains of rats that were already



induced to develop a glioblastoma. Dr. Read’s team observed that 70% of the beads remained
viable, compared with the non-protected control cells, and that END was secreted from the

beads for at least four months. The treated rats survived 84% longer than untreated controls.'?!

The utilization of polymers as a drug delivery vehicle has been used in the therapeutic
setting, and provides a new method for local delivery of anti-angiogenic agents within the
polymer directly to malignant brain tumors.'* The biodegradable polyanhydride-poly-(bis-
[carboxyphenoxy-propane]-sebacic acid) polymer (pCPP:SA), undergoes slow but complete
hydrolytic degradation in the presence of water and releases biologically active END in
continuous and sustained fashion cither in vivo or in vitro. Biocompatibility studies of
PCPP:SA have demonstrated that the original compound and its degradation products are

and ic.” In addition, the clinical testing

demonstrated its safety and efficacy,'?” therefore, this drug delivery polymer has become
widely used clinically for local drug delivery in patients with malignant tumors. Local drug
delivery using polymer has many advantages over other systemic delivery routes of

administration.

Another therapeutic approach involves surgical removal of the tumor followed by

of a bi lled-rel polymeric device loaded with an

antineoplastic agent such as angiostatic steroids, tetracycline derivatives, and amiloride in the
resulting cavity. This method would provide a high local drug concentration, effectively
destroying surviving malignant cells and would also prevent the systemic side effects of

chemotherapy normally associated with its iv administration. It is currently being studied in the




laboratory for local delivery of a variety of anti-angiogenic agents.'* For example, implantable
controlled-release polymers for local drug administration directly into the tumor parenchyma
have been developed to achieve therapeutic concentrations of these drugs within the brain
while minimizing systemic toxicity. Controlled-release polymers used as a drug delivery
strategy provide a clinically practicable method of achieving sustained anti-angiogenic therapy
which can be readily used in combination with other treatment modalities such as

cytoreductive surgery, radiation, and cytotoxic chemotherapy. ™

The systemic administration strategy has many disadvantages such as the short
half life time, lower drug concentration around the tumor bed and side effects on the other
organs, not to mention the pain and patient inconvenience. On the other hand, local
delivery would provide an improvement over systemic administration. Various methods
for local delivery including osmotic pump, cell encapsulation and polymeric devices have
been examined. The polymeric drug delivery technology was shown to be feasible as a

tool to localize the drug.

2.7 SUSTAINED VERSUS PULSATILE RELEASE OF ENDOSTATIN
In light of the above discussion, it s necessary to know whether a pulsatile or sustained

release of END is required to achieve the maximum therapeutic outcome.

In the pulsatile mode of administration, the cells are exposed to pulses of the delivered
END followed by a time- and dose-dependent decrease in the effect. This method of END

delivery was the focus of one of the studies conducted by Ding et al.” They monitored the




effect of massive pulsatile o multiple and prolonged administration of END by localized im
injection of plasmid on murine mammary carcinomas. Although they reported that this strategy
of administration was successful and had a potentially active anti-angiogenic effect, it was
clear that this method of frequent administration would be an inconvenient and iritating

method of drug delivery to the cancer patient.

Kuroiwa et al., used recombinant technology to deliver the thEND gene. In these

experiments, they demonstrated that thEND was rapidly cleared from the mouse circulation

after an intermittent sc dosing regimen of human neuroblastoma xenograft model, which may
explain why continuous local delivery was more efficient and improved the END activity. In
addition, the constant presence of hEND around the tumor bed would minimize the acute
pathological effect in which the secretion of END would remain active as long as the gene is
expressed."* They also concluded that continuous administration of thEND resulted in more
significant tumor regression than intermittent administration of the agent in the same model.

‘This indicated that thEND, if administered in continuous fashion, could become an effective

agent for treating patients with neuroblastoma.

In another study, it was documented that high local continuous angiogenesis inhibition
therapy was more effective in the treatment of gliosarcoma. The researchers genetically
engincered gliosarcoma cells so that they would stably secrete END. END-producing
gliosarcoma cells were implanted intracercbrally in rats. The antitumor efficacy of END was
evaluated on the basis of survival data and tumor volume comparisons. They confirmed that

the continuous release of END by the END-producing cells significantly inhibited tumor



growth. Notably, 40% of the animals in the treatment group experienced long-term survival,
without histologically verifiable tumors, seven months after cell implantation. Furthermore,
tumor blood plasma volumes were reduced by 71%, microvessel density counts by 84%, and

vascular area fractions by 75%."

Reaching and maintaining therapeutically efficacious levels of END could be achieved
cither by continuous or repeated injections, (i.c. systemic administration) or by a mechanism
whereby the protein is continuously secreted by an implanted device (i.c. local administration).
By using a local system, lower doses of the effective anti-angiogenic protein may achieve
significant tumor suppression.” Continuous dosing with anti-angiogenic agents such as END

would replace intermittent dosing and would result in a more acceptable endpoint of the mode

Based on the discussion just presented, it can be concluded that the most efficient and
least toxic delivery system for END is a localized and sustained release dosage form. Such a
delivery strategy would minimize the exposure of the other cells and organs to the stimulatory

and/or angiogenetic inhibitory effects of this potent angiostatic agent.

2.8 COMBINATION THERAPY
An application of the development of a local delivery system for END would be in
combination therapy with currently used treatments. The combined application of angiogenetic

inhibitors could be a promising strategy for cancer therapy.




Preliminary in vitro data described an increased effect when two angiogenic inhibitors

were applied in combination. Several studies have reported on the advantages of combining

agents with i or radi The reason for
these combinations is the assumption that the various mechanisms of action and various targets

could lead to additive antitumoral effects."*' Many other studies suggested that the addition

of anti-angiogenic agents to conventional therapeutic strategies such as chemotherapy,**¥”
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radiation,'”™'* or other tumor-targeting agents,' will increase the clinical efficacy of these
different approaches.'*"*5 In an attempt to enhance the response to therapy, Mauceri et al.,
combined radiotherapy with a systemically-administered angiogenic inhibitor via ip injection
twice daily at a total dose of 25 mg/kg/day. They reported significantly enhanced antitumor
efficacy coinciding with reduced neovascularization in several tumor models. including

glioblastoma xenografted in mice.'™

The anti-angi ic effects of i scheduled (a frequent

low-dose schedule regimen) may be enhanced by combining chemotherapeutics with anti-

angiogenic inhibitors. i in jination with the anti-angiog
compound caused the eradication of drug-resistant Lewis lung carcinoma xenografts. This
result was not obtained with conventionally scheduled chemotherapy (long interval between

cycles) alone. 1

Enhanced anti-angiogenic effectiveness has been reported for the combination of END
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with angiostatin," """ and for END with chemotherapeutic agents."® Furthermore, the

combined therapy with receptor tyrosine kinase and END enhanced the anti-angiogenic effects




in human ECs in vitro and enhanced delay of tumor growth of human xenografls of prostate

lung cancer, and gli The data confirm that combined treatment

with direct and indirect inhibitors of angiogenesis may result in synergistic anti-angiogenic
activity, improving the overall antitumor efficacy of these agents**'*' END not only
significantly suppresses tumor growth but also enhances the antitumor efficacy of radiation
therapy in human carcinoma xenograft.'*” Ultimately, anti-angiogenic therapy may provide an

additional strategy for combination with standard therapies.'**'*'

From the above discussions, it can be concluded that a sustained release and a localized

delivery system for END treatment, either alone or in combination with other therapeutic

agents, would provide the best therapeutic result.

2.9 ADVANTAGES AND DISADVANTAGES OF VARIOUS DELIVERY SYSTEMS
Several strategies have been investigated to formulate and deliver angiogenesis
inhibitors while at the same time trying to achieve two major objectives. The first is to deliver
and target those inhibitors, such as END, specifically and safely to their site of action to
maximize their therapeutic efficacy while minimizing their toxicity. The other is to overcome
stability issues during the preparation of dosage forms containing these angiangiogenic agents
and to help in maintaining this stability during storage of the dosage form and after

administration to the patient

Early studies of END were focused on achieving a localized, continuous and controlled

release to help in improving the therapeutic outcome. These studies included extension of its



half-life in plasma, and in reducing the amount to which the areas surrounding the tumor were

exposed.'™'"> A variety of strategies of achieving localized delivery of END have been

explored and investigated including the use of liposomes, biodegradable polymers,

encapsulation, and gene therapy, with varying degrees of sucess.

In gene therapy technology for anti-angiogenesis, a vector is used to insert a gene for
the expression of angiogenesis polypeptide inhibitors into a host cell to over express this gene.
This process can be conducted using viral vectors including retroviruses, lentiviruses,
adenoviruses, and adeno-associated viruses or nonviral vectors including cationic liposomes,
microencapsulation, polymers, and naked DNA, and can be accomplished with in vivo or in
vitro settings. The advantages of gene therapy over the direct administration of the inhibitors
include the localized delivery and sustained expression of the antiangiogenic molecules, the
ability to inhibit multiple angiogenic pathways with the delivery of more than one transgene,
the gencration of properly folded inhibitor molecules, and the potential for decreasing the
cost.'" This method has been used in several studies to obtain a high concentration of

continuous and local END.

Several studies have reported the inhibition of tumor growth and metastasis in mice by
adenoviral vector-mediated delivery of END, however, no strong activity against pre-existing
tumors was reported via this method.***' These results contrast significantly with those
observed using repeated injections of high doses of recombinant END protein® As suggested
by Sauter et al, this discrepancy can be explained by the insufficient expression levels of END

by the adenovirus system, but it is more likely that the inflammatory and immune responses



induced by adenovirus infection caused the loss of transduced cells and thus resulted in
transient gene expression. As a resul, the reduction in tumor growth stopped once the vector
was gone and END expression was lost>* Most human tumors are difficult to establish as in
vitro cell lines, and extensive subcloning and in vitro replication might change the original
antigenic composition of the original tumor. Moreover, it may take several months to transduce

atumor cell. Such patient-individualized therapy is therefore very cost intensive.

Many researchers have reported on the use of liposomal formulations of END in gene

therapy. Liposomal jons can be viewed as a polymer. Some of the

more interesting experiments are described below. The END gene could be efficiently
transported into the mice with a transferrin-liposome-DNA delivery system uilizing an aerosol
spray. Transferrin-liposome-mediated END gene therapy strongly inhibited angiogenesis and
the growth of mouse xenograft liver tumors. It also could promote the development of

apoptosis of tumor cells indirectly.'" I another study, the researchers designed an orthotopic

model grafied in i rats, a tumor model that reproduces the
phenotypic and metastatic characteristics of the osteosarcoma in humans. In this model, they
evaluated the therapeutic potential of iv administration of END ¢cDNA complexed to cationic
liposomes. The cationic liposomes used in this study possessed a particular affinity for tumor
vessels compared to normal vessels. The results showed the ability of iv administered END
cDNA/cationic liposomes to delay tumor growth, moreover, it effectively prevented the
occurrence of lung metastases, which is the major reason for poor prognosis and death in

osteosarcoma patients.'**
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Dutour et al., have demonstrated in vitro and in vivo that END can be secreted by
cDNAVcationic liposome complexed (cDNA/CLP) with plasmid DNA in transfected cells. This
complex was used for END gene transfer into orthotopically implanted mice breast tumors.
The animals were treated intravenously three times a week. The results demonstrate that
therapy using END-cDNA/CLP is associated with a marked delay in tumor growth. Moreover,
it effectively prevented the occurrence of lung metastases.'** High levels of circulating END,
resulting in an anti-tumor effect, were achieved when appropriate adenoviral vectors were
used.'*® Systemic (iv or im) delivery of non-viral vectors, as described by Chen et al., resulted
in very low in vivo concentrations of END, though sufficient to exert a therapeutic effect.””

Liposomes have the advantage of easy administration by injection or aerosol spray, but
they have the disadvantage of having relatively short drug release durations which leads to the
need for additional multiple injections which are painful to the patient. Furthermore, the release
profiles from liposomes are neither sustained nor controllable. Ma et al., examined the release
period of human END with liposome and they found that it i relatively rapid with only a two
day release time, therefore long-term END stability in this formulation has yet to be
demonstrated.” Thus, liposomes do not appear to be optimal for sustained delivery. In
addition, liposomes are considered to be a foreign object by the host. As a result, liposomes are
recognized by the mononuclear phagocytic system and trapped by the reticuloendothelial

system in which macrophage-like cells reside.'*
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Another study has focused on the incorporation and release of END from poly-L-lysine-
alginate microcapsules. Rokstad et al., examined the potential of microencapsulation of
genetically engineered cells as a delivery system for therapeutic proteins. Parameters that affect
capsule integrity such as homogenous and inhomogenous gl cores were evaluated. The
transfected cells producing END reached a plateau phase in growth after 23 days post-
159

encapsulation, however, afier 30 days a fraction of the microcapsules started to disintegrate.

‘The END release was almost constant. However, release durations were not long, only 23 days.

Although  alginate-based ~particles have
properties, ' further improvements are necessary with regard to capsule integrity as well as

controlling the cell growth before this technology can be used for therapy.

Gene therapy has potential, however, there are a number of challenges for using this
‘method as a pharmaceutical drug delivery system. Viral vectors are commonly used as carriers
for gene transfer due to their high in virro transfection efficiency, but the safety issues and the
toxicity of these viral vectors will likely preclude their use in humans. In contrast, systemically
delivered non-viral liposome:DNA complexes have been shown to have low toxicity.'*"!®
Nevertheless, as the goal of anti-angiogenic therapy of cancer is the long-term suppression of
neovascularization and tumor growth, there is another important challenge for current gene
transfer vectors, which cither provide only temporary expression (e.g.. non viral vectors) or
elicit host responses that conspire to eliminate the genetically modified cells (e.g., adenovirus
Vectors). Another problem associated with anti-angiogenesis gene therapy is the low gene

transduction efficiencies that occur with common cancer gene therapy.




Implantable biodegradable polymeric devices provide a unique practical means of

localizing angiogenesis inhibitors at the tumor site. The strategy of using a polymeric
controlled delivery device reduces the amount of protein needed, relative to systemic

to achieve similar angi is inhibition. END fragments were loaded into

PCPP:SA bi polymers. The inetics of END/polymer formulations were
evaluated in viro in rats having gliosarcoma. Biologically active END was delivered from the
polymer in a controlled-released and sustained fashion for 19 days without any sign of local or
systemic toxicity.” The advantages of biodegradable polymers as a delivery vehicle are that
they degraded into small biocompatible monomers and could be excreted via normal excretion

process in the body and so surgical removal would not be required.

These delivery systems comprise a biodegradable monolithic polymer, throughout

which the drug is distributed as separate solid particles. By immersing the device into the

‘medium, the protein drug was released in three stages, an initial burst followed by a diffusion-
controlled release, and finally an erosion-controlled release.'*'** Poly(lactide-co-glycolide)
PLG microspheres are among the most extensively studied polymers for the delivery of
proteins and cytokines.'** They have the advantages of not only providing a continuous release,
but of being easily delivered to the target site, having a reasonable shelf-life, offering a long-
term release duration, and consisting of biocompatible materials. Despite these benefits, the
major problem with using a polymeric delivery system in general is keeping the protein stable
and active during loading into the devices, storage and during release into the surrounding

environment. Polypeptide drugs are susceptible to aggregation, denaturation, deamidation,
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cleavage, oxidation, thiol disulfide exchange, and B elimination in aqueous solutions. There are
many factors that cause these changes including fonic strength, light, pH, temperature and
mechanical stress and presence of oxidizers and radicals. Protein aggregation may result in

conformational structural changes in the protein molecule and loss of activity. '*

Polymeric microspheres are capable of delivering an almost constant amount of an
encapsulated polypeptide. Microspheres synthesized from PLG with different co-polymer ratio
could be formulated to release their content for different periods of time ranging from weeks to
months. This feature enables rescarchers to design a delivery system to release the whole drug
content before microsphere degradation has taken place. It has been reported that anti-
angiogenic factors such as hemopexin and platelet factor 4 fragments, have been incorporated
into PLG microspheres. The researchers examined the effects of microspheres prepared by
water in oil in water emulsion (W/o/w) on the release and bioactivity of these angiogenesis
inhibitors after a single local sc injection in nude mice having glioma tumors. The stability and
biological activity of these angiogenesis inhibitors were maintained during the fabrication
procedure. The results were extremely promising as there was a 88%-95% reduction in glioma

tumor volume 30 days post-treatment.''*

‘ One specific problem of using the PLG microsphere is the central accumulation of
acidic degraded monomers within the sphere and the denaturation of the incorporated
polypeptide drug. When biodegradable polymers such as PLG degrade in a medium, they
produce by-products carrying carboxylic acid end groups that lower the local pH at the surface

of the polymer and in the pores and channels of the device.*'* Fu et al., has evaluated the pH




at the center of PLG microspheres to be as low as 1.5. This major decline in the pH of the
microspheres has been linked to inactivation and aggregation of other proteins within PLG
microspheres prior to being released into the surrounding medium.' Although END is
described as an acid resistant protein at a pH of 1.5 ~ 2, denaturation and conformational

changes are unavoidable and a subsequent loss of activity will take place.

END is a very acid-resistant protein and contai fits native atpH

2. Stability measurements of END in urea show that END is still in the native structure at pH
3.5 despite the decreased stability. " This resistance may be due to its tightly packed structure,
its lower accessibility to protons, a result of its stable conformation'® or from the contribution
of the disulfide bonds.'™ The acid-resistance property of END may have biological
significance in that it cannot be easily digested by proteases in an acidic environment such as in
alysosome in the cell or acidic monomer in the release medium. Furthermore, rEND, as well
as many other recombinant polypeptide drugs, is mostly liable to denaturation and aggregation
when presented with a high concentration because when this recombinant protein is formed via
genetic engineering, the glycosylation level of the polypeptide molecule ~changes
drastically.”'”" Therefore, many researchers have attempted to stabilize the proteins in

solution, by the addition of amino acids, and polyols such as trehalose. 17

There does not appear to be a report of END incorporation into PLG microspheres, and
subsequent stability of the release. However, instead of using such a device with END, the
problem of microspheres degradation could be avoided by using a high osmotic excipient that

allows and accelerates the complete END release before significant polymer degradation
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oceurs. In a study by Gu et al in 2007, it has been proven that a constant drug release rate is
achievable from a polymer in which the drug is distributed as discrete particles in an

elastomeric monolithic network. As a result of osmotic activity, ruptures and cracks are formed

in the polymer matrix and the drug was dissolved out into the surrounding medium.'” The
above delivery system scems promising for END delivery, but the effect of the delivery
vehicles and release mechanisms on the stability and activity of this angiogenesis inhibitor are

still under investigation.

2.10 CONCLUSIONS

Long-term and localized delivery with sustained release of END alone or in
combination with other therapies is a desirable goal for angiogenesis therapy to overcome
metastases and tumor outgrowth. In addition, the formulation strategies investigated to date
possess a number of desirable properties that make them promising delivery systems, but are
limited due to their inability in maintaining END stability and activity prior to being released

from the drug delivery device.

It would seem that a biodegradable, biocompatible and implantable polymer would

provide a novel strategy to localize drug delivery of END.
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Chapter 3. Novel Poly(Octanediol-Tartarate) (POT) Biodegradable Elastomers for

Drug Delivery and Biomedical Applications.

3.1 ABSTRACT
Purpose: To synthesize and characterize a scries of a novel family of thermal
crossliked biodegradable poly(octanediol-tartarate) (POT) elastomers and to modify the

mechanical and physical properties by adding a crosslinking agent.

Method: Saturated, aliphatic, low molecular weight, amorphous thermoset,
biocompatible and biodegradable polyester elastomers consisting of L-tartaric and
1,8-octanediol were prepared and characterized. The elastomers were produced in two
steps. First, the aliphatic saturated polyester prepolymer was synthesized via a
polyesterfication polymerization ~reaction. Following  purification, the living
poly(octanediol-tartarate) prepolymers (POT) were further thermally crosslinked with

different ratios of the inking agent, 2,2-bis 1)-propane (BCP), to

prepare crosslinked elastomers that could be used for implantable drug delivery and tissue

engincering applications. The polyester were ized by means of

proton nuclear magnetic resonance ('H-NMR), Fourier transform infrared analysis (FT-
IR), differential scanning calorimetry (DSC), liquid chromatography with mass
spectrometry detection (LC-MS), and molecular weight analysis. The final POT
elastomers were also subjected to swelling studies, sol-gel content analysis, mechanical

testing, and long term in vitro accelerated degradation studies.



Results: 'H-NMR and FT-IR analysis confirmed that a pure preparation of the
POT prepolymer was obtained and also confirmed the formation of ester bonds in the
backbone. DSC showed that the prepolymer was of semicrystalline nature with a
corresponding low glass transition temperature (Tg) of -16.2 °C and a sharp melting
endotherm at 57.2 °C. Molecular weight analysis reported a weight average molecular
weight of 1250 daltons. The final crosslinked POT elastomers had amorphous structures
with Tg ranges from -10 to -5 °C depending on the crosslinking density. Sol content
ranged from 2.2 % - 9.8 % and depended on the amount of BCP used. Mechanical
properties including Young’s modulus, % strain, extension ratio all demonstrated
dependence on crosslinking density. The elastomers were soft with physical properties
similar to those of natural elastomers such as elastin. Accelerated degradation studies
demonstrated linear loss of mechanical properties with time and confirmed bulk

hydrolysis as being the predominant mechanism of polymer degradation.

Conclusions: The novel POT biodegradable polyester elastomers have promising

use in drug delivery and other biomedical applications including tissue engineering.

32 INTRODUCTION

The use of biodegradable polymers in tissue engineering," gene therapy,**.and
drug delivery systems’™ has motivated the development of novel biodegradable
elastomers.'™"? Biodegradable polymers with elastomeric features demonstrate elastic and
flexible properties which resemble those of the human soft body organs and tissues such

as blood vessels, heart valves, tendons and cartilages.”'*' because of their ability to



adjust to the mechanical environment.'® Therefore, they can easily adapt to a variety of

‘mechanical stimuli when they are implanted into a non-static part of the body.

Biodegradable elastomers are synthesized as one of two types: thermoplastic or
thermoset. Thermoplastics have the advantage of being easily processed by melting. The
crystalline crosslinked hard regions of these materials provide regions having a slower
and heterogeneous degradation profile. However, the amorphous regions degrade faster
than the crystalline regions and produce a material whose physical and mechanical
properties degrade in a non-linear fashion."® Thermosets are not easily fabricated by heat,
but the rate of degradation is more uniform. Therefore, they keep their dimensions for a
longer period of time with their physical and mechanical properties changing in a lincar
fashion. Thermosets, therefore attract the attention of many researchers due to their

advantageous properties with respect to controlled drug delivery applications.

Polyesters degrade by simple hydrolysis in an aqueous environment, such as body
fluids, because of the hydroxyl, carboxyl, and ester groups of the polymer backbone.'” It
is well known that 18-octanediol with long methylene chains shows a certain
hydrophilicity. L-tartaric acid is hydrophilic due to its two hydroxyl groups and two
carboxylic groups. Furthermore, the promising properties of L-tartaric acid as a backbone
unit for building of polytartarate polymers and their potential biomedical applications

have been evaluated.'®
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‘The aliphatic polyesters, in general, do not have the good physical and mechanical

properties required for many biomedical applications.'” Therefore, the goal is to modify

the elastomers and to improve their mechanical and physical properties, by adding a

cross|

g agent, to develop desirable elastomers for medical applications. To be
considered for such applications, the elastomers must be biocompatible to avoid an
inflammatory response from the host tissue and provide a suitable substrate for cell

attachment and proliferation.

Poly-(octanediol-tartarate) possesses many advantages for use as an agent for
controlled release for the following reasons: (i) It is composed of low cost monomers
which increases the potential for future commercialization. (ii) It readily degrades in
biological systems via hydrolysis of ester bonds to a non-toxic end-product since neither
the monomers nor the crosslinking agent used are toxic. (iii) The hydrophilic/hydrophobic
(amphiphilic) properties of the elastomers which are desirable in some biomedical
applications, can be altered by changing the ratio of BCP and length of the diol chain. In
addition, the ability to modify the degree of hydrophilicity of the elastomers facilitates the
use with a wide range of drugs and proteins. Therefore, the system can be tailored to suit |
a specific situation. (iv) The poor physical strengths of the relatively low molecular

1t elastomers can be tailored by modulating the BCP ratio. (v) Finally, the POT

prepolymer has a low viscosity which facilitates the injection and pouring into molds at
moderate temperature. Therefore, their design could be alered to achieve different
mechanical properties and degradation rates by incorporation of the tetra-functional

crosslinker BCP into the elastomer networks.



The synthesis, characterization, mechanical properties and in viro degradation of
a novel synthesized POT biodegradable elastomer are reported in this study. This
elastomer was prepared in two stages. The first involved the preparation of the aliphatic
chain of the POT prepolymer which is composed of two non-toxic monomers; 18-
octanediol and -tartaric acid via a polyesterfication polymerization reaction. The second
stage involved the reaction of a POT prepolymer with different ratios of 2.2-bis(e-
caprolactone-4-yl)-propane (BCP) using stannous 2-ethylhexanoate as a catalyst. The idea
behind using a BCP as a crosslinking agent for the preparation of biodegradable
elastomers stems from the fact that BCP is biocompatible with living tissues,”" and it
increases the crosslinking density of the elastomers. Furthermore, the influence of the
‘molar ratio of BCP to POT used to prepare the elastomers was examined to determine the
effect on their physical properties such as mechanical behaviour, water loss, sol content
and swelling degree, and to examine the in vitro degradation of these elastomers by

following the changes in their mechanical properties with time.

3.3 MATERIALS AND METHODS
331 Materials

The chemicals used in the synthesis and purification of elastomers such as L-
tartaric acid and 1 8-octanediol, stannous octoate (SnOct), acetone, chloroform, and ethyl
ether were obtained from Sigma-Aldrich. The chemicals used in the preparation of the
crosslinker (BCP) such as chromium trioxide, m-chloroperoxybenzoic acid (mCPBA),

acetone, and 2-heptanone were obtained from  Sigma-Aldrich, and 2.2-bis(4-



hydroxyeyclohexyl) propane was purchased from TCI America. Other chemicals used
such as 2-propanol, dichloromethane (DCM), glacial acetic acid, and magnesium sulphate

(MgSO0y) were obtained from Fisher Scientific Inc.

3.3.2 Preparation of 1:1 Poly(Octanediole-L-Tartaric) Prepolymer (POT)

Solvent free polymerization was carried out in sealed silanized 20 ml ampoules.
L-tartaric acid and 1,8-octanediol in 1:1 molar ratios were transferred and mixed into a
dry ampoule. The ampoule was placed in an oven at 160 °C until complete melting of the
reactants. The mix was then stirred using a vortex mixer. The ampoule was filled with
nitrogen, flame sealed under vacuum and placed in an oven again at 140 °C for 1 hour.
‘The prepared crude prepolymers were purified by dissolution in chloroform, precipitated
in cold anhydrous ethyl ether, and dried in vacuum overnight. The final product of the
polyester prepolymer (POT) was dissolved in acetone-dg and was characterized using
proton nuclear magnetic resonance spectroscopy ('H-NMR), mass spectroscopy (MS),
fourier transform infrared (FT-IR) spectrometry, differential scanning calorimetry (DSC),
and gel permeation chromatography (GPC). Scheme 3.1 shows a representation of the

synthesis of poly(ocatanediol-tartarate) polyester prepolymer (POT).
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Tartaric acid 1 8-octanediol Polyester prepolymer

Scheme 3.1



3.3.3 Preparation of 2,2-bis 4-yl)-propane (BCP)

A detailed synthesis procedure has been reported by Palmgren et al.2 In summary,
5.4 g of 2,2-bis(4-hydroxyhexyl)propane was dissolved in 29.5 ml glacial acetic acid to
which a solution of 5.5 g of chromium trioxide in dilute acetic acid (25 ml of glacial
acetic acid mixed with 40 ml distilled water) was added in a dropwise fashion over a
period of 2 hours under stirring while maintaining a temperature of 17-18 °C. After the
complete addition of the reactants, the solution was left to react for another 30 minutes,
and then 25 ml of 2-propanol was added to the solution. This solution was covered with
aluminium foil and left overnight. Then this solution was uncovered and left under
vacuum for another overnight to concentrate. The concentrated solution was then poured
into 200 ml of distilled water and a thick violet suspension was formed. The suspension
was filtered using whatman no. I filter paper and the cake was washed several times with
distilled water. The resulting white dicyclohexyl-4,4'-dione (diketone) powder was dried

in an oven at 50 °C overnight and characterized.

A Bacyer-Villiger oxidation reaction was then carried out on the prepared
diketone as follows: Tn a round bottom flask, 3.9 ¢ of mCPBA, previously dried with
MgSOY/DCM, was added in batches, about 12 batches with one hour between each batch,
to:a DCM solution of the diketone (4.1 g in 200 ml) under reflux at 50°C and continuous
stirring with a magnetic stirrer, The solution was then left under the same conditions for
24 hours. After the reaction was completed, the solution was filtered using tiple filter
papers and the filtrate was Ieft in the fume hood under vacuum to evaporate the DCM.

White crystals of the BCP appeared after the complete evaporation of the DCM. The final




product was purified and re-crystallized with hot 2-heptanone. The final white powder

product was characterized using DSC and MS. Scheme 3.2 summarizes the steps involved

[
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o
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o

2, 2:bis( 4-hydroxycyclohexyljpropane  Diketone. Bis-Caprolactone Propane (BCP)

in preparing BCP.

OH

OH

Scheme 3.2

3.3.4 Synthesis of the Elastomers

Several different elastomers of varying ratios of BCP (as reported in Table 3.1)
were synthesized. The following procedure describes the steps involved in preparing
elastomer 1 using the weight ratio of POT to BCP as reported in Table 3.1. In a dry glass
ampoule, 1 g of BCP was left in the oven for 5-10 minutes to dissolve at 180°C. A mass
of 4 g of POT and an amount of SnOct equivalent to 1.4 x 10 mol for each 1 mol of the
monomer were added to the ampoule. The contents were mixed using a vortex mixer and
the ampoule was scaled under vacuum. The ampoule was left in the vacuum oven at 120
°C for 1 hour and then the seal was broken and the highly viscous liquid was poured into

rectangular Teflon moulds (100 x 6 x 3 mm), covered, and left in the oven at 120 °C for
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18 hours. The elastomer was then removed from the

in vitro degradation and tensile mechanical testing.
both POT and BCP used to prepare elastomers 1-5

involved in preparing these elastomers.

Table 3.1 Ratios of prepolymer (POT) and BCP use

mould and characterized using DSC,
. Table 3.1 lists the different ratios of

and scheme 3.3 summarizes the steps

d in preparing the clastomers.

Sample | Prepolymer (POT) | BCP | Prepolymer (POT)/BCP
n ® ® Weight Ratio
Elastomer 1 40 1.00 40010
Elastomer 2 40 075 53310
Elastomer 3 40 0.50 8.00/1.0
Elastomer 4 40 025 1600/1.0
Elastomer 5 40 0.00 4.00/0.0
Q
0,
o on - ol . o
+ H o. SnOCt R R
i o e
OH O a
: W o “on
J In
0 R
BCP Polyester prepolymer Poly (octanediol-tartarate) POT (Elastomer)

Scheme 3.3




33.5 Characterization of BCP and Elastomers

With the exception of the GPC, which is located at the University of Alberta, all
equipment used for spectroscopic characterizations were conducted and performed at

Memorial University of Newfoundland.

Proton-NMR of the prepolymer was run using acetone-ds with a Bruker AVANCE
500MHz Spectophotometer. The chemical shifts in parts-per-million (ppm) for 'H-NMR
spectra were referenced relative to tetramethylsilane (TMS, 0.00 ppm) as the internal

reference.

To verify the identity of the product, mass spectrometry (MS) was carried out using an
Agilent 1100 series LC/MSD system with atmospheric pressure chemical ionization
(APCI) positive mode of ionization in flow injection mode. BCP sample was prepared by
dissolution in DCM. The MS data was collected and analyzed using Bruker Daltonik and

MSD Trap control Version 5.2 software.

GPC was performed using a Hewlett-Packard 1100 system connected to a
precision detector (PD) 2000 dynamic laser scattering (DLS) light scattering detector
supplied with a Waters 410 differential refractometer. The mobile phase consisted of
tetrahydrofuran (THF) at a flow rate of 2 ml/min with the system at a temperature of
35°C. The polymer concentration used was 2 mg/ml and the injection volume was 20 pl

Monodisperse polystyrene standards were used for the initial calibration.
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FT-IR spectra were obtained at room temperature using a Bruker TENSOR 27

Fourier transform infrared spectrometer. Prepolymer samples were prepared by pouring
over a zinc/selenium crystal. IR data was analyzed using Opus Bruker Optik version 4.0

software.

‘The thermal properties of the elastomers and prepolymer were characterized using
DSC. The experiments were carried out on a Seiko 210 with cooling system machine. The
sample (5-8 mg) was placed in an aluminium pan and was run with a heating rate of 10°C
/min using a cyele from ambient to -60°C to 150°C to -60°C to 150°C. The glass transition
temperature (Tg) was measured from the second heating cyele. The DSC instrument was
calibrated using indium and gallium standards. The enthalpies, glass transition
temperatures, and melting endotherm were determined using the internal DSC analysis

program.

The sol content of the products and the swelling degree (R) of the corresponding
gels were measured in the following way. A small disc sample (3 mm in thickness and 10
mm in diameter) with weight, W1, diameter, D1 and thickness, T1, was placed in 20 ml
of DCM for 24 h and was then taken out. The weight of the disk was recorded as W2 and
the diameter as D2 and thickness, T2, after the solvent on the surface was absorbed by
filter paper. The disk was dried to a constant weight, W3, diameter, D3, and thickness,
‘T3, in a vacuum oven at 40 °C under 4000 Pa for 7 days. The sol content was calculated

as follows: (Q) = [(W1-W3) / WI] X 100%. The swelling degree (R) for the
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corresponding gel was calculated as (R) = [(W2-W3) / W3] X 100%. Three samples were

used for each experiment, and the average value of the three samples was reported.

The equilibrium water uptake in deionized water is defined as the fraction of
weight gained by the small disk sample and was calculated as water uptake = [(M2 —
MI)/ M1] X 100 %, where M1 is the initial weight of the specimen and M2 is the weight

of the sample after it was placed in deionized water for 24 h. Three samples were tested

for each product at room temperature and the average value was obtained.

Tensile mechanical testing was conducted with an Instron model In-Spec 2200
tester with Marlin PDA Data Management Software. The Instron was equipped with a
500 newtons (N) load cell. The measurements of the mechanical properties of the
elastomers were carried out on slabs (100 x 6 x 3 mm) using an Instron with
extensometer. The extensometer gauge length was set to S mm while the specimen gauge
length was set to 30 mm. The crosshead speed was set at 50 mm/min and the sample rate
was set at 0.833 mmisce. Elastomers 1-5 (having various degree of crosslinking), were

tested at room temperature, A Young’s modulus was calculated from the initial slope of

the stress-strain curve. Three samples of each product were measured and the mean and

standard deviation were calculated.

3.3.6 In Vitro Degradation Study
Slab specimens of elastomers 1 & 2 as listed in Table 3.1 were subjected to an

accelerated in vifro degradation study to demonstrate the changes in mechanical
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properties during the degradation process. Each specimen was weighed and then placed
into a 15 ml tissue culture tube which was filled with 12 ml phosphate buffer saline (PBS)
of pH = 7.4. The tubes were attached to a Glas-Col rugged culture rotator. The rotator
was set at a rotation speed of 30 % and placed in an oven at 37 °C. The buffer was
replaced every 2-3 days to ensure a constant pH of 7.4 during the whole period of study.
Samples of elastomers 1 & 2 (each sample represents 3 specimens) were dried, weighed
and subjected to tensile testing at time periods of 0, 1, 2, 4, 6 and 8 weeks. Another set of
samples of elastomers 1-5 was left without changing its buffer, to monitor the change in

the pH of the medium with respect o time.

After the tensile testing, the broken slabs were collected and washed three times
with deionized water and were then dried to a constant weight (G2) in a vacuum oven at
40 °C under 4000 Pa. The mass loss was calculated as follows: Mass loss = [(G1 - G2) /
G1] X 100 %, where G1 is the initial weight of the slab before incubation in the buffer.
Three samples for each product were tested at room temperature to achieve the average

value.

3.4 RESULTS AND DISCUSSION

The aim of this study was to synthesize amorphous, biodegradable and
biocompatible elastomers that would have a Tg lower than body and room temperatures,
and that would be utilized as a polymeric drug delivery system, especially for protein
drugs. To achieve this goal, the hydroxyl groups of 1.8-ocatanediol were reacted with

carboxylic groups of L-tartaric acid in a 1:1 molar ratio using SnOct as a catalyst to form



polyester (octanediol-tartarate) prepolymer (POT). Then, different ratio of BCP were

incorporated with the prepolymer to synthesize the biodegradable POT elastomers.

The 'H-NMR spectrum of POT showed peaks at about 1.3, 1.5, and 1.7 ppm,
which were assigned to the methylene protons. The peaks at 3.5 ppm can be attributed to
the hydroxyl protons at the end of the diol monomer. The protons on the methylene group
adjacent o the ester bond were attributed to the peak at 4.2 ppm, and the peak at 4.5 ppm
was assigned to the a-hydrogens on the L-tartaric acid as shown in Figure 3.1. A number
average molecular weight of 1247 Daltons was estimated using the integrals of the
chemical shifis of the "H NMR spectrum characteristic of the contributing monomers.
The estimation was based on the degree of polymerization of both monomers. The 'H-
NMR of the POT confirmed the composition as being 52.91 mol % 1,8-octanediol and
47.09 mol % L-tartaric acid measured using the ratio of integrals at the chemical shift of
1.3 ppm which corresponds to the 1.8-octanediol methylene proton resonances to that of

4.5 ppm which corresponds to the L-tartaric acid methine proton resonances.




~CHy CHy CHy
o -0-CHe CHy
-C.0-CHy CHy

-CHyCHyO-

d-acetone

~CHy CHzO-

® ® s 2 3
Figure 3.1 'H-NMR of the prepared prepolymer POT.

Mass  spectrometry of the prepared POT prepolymer was performed to
characterize the formation of the product and to confim the molecular weight. The
resulting molecular weight was 1241 Daltons, which agrees with the estimated molecular

weight obtained using the "H-NMR spectrum.

The second step in the preparation of the elastomers was the synthesis and

of the tetra-functional crosslinking monomer BCP. The crosslinker was

characterized by the APCI-MS spectroscopic method. The mass spectrum shown in
Figure 3.2 confirmed the molecular weight of the final product. A peak (base peak)
corresponding to the protonated moleeule (M+1) appears at m/z 269, which is consistent
with the molecular mass of the expected BCP product. The prominent peaks observed at
m/z 253.1 and m/z 239.1 are likely due to neutral losses of oxygen, [M-O+H]', and

CH;0, respectively.
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Figure 3.2 Mass spectrum of BCP.

GPC molecular weight analysis of the prepared POT prepolymer resulted in a
weight average molecular weight of 1250 Daltons which is similar to the average
molecular weight that was calculated using the integral of the chemical shifts of the 'H-

NMR spectrum and confirmed the previous molecular weight analysis results.
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To confirm the formation of ester linkages in the backbone of the elastomers, FT-
IR was conducted. The spectrum of the POT prepolymer is shown in Figure 33. A
relatively sharp peak at 1734 cm™ was found in the spectrum which was attributed to the
(C=0) of the ester group. The broad peak at 3443 cm™ was attributed to the hydroxyl
group stretching vibrations and indicating that the hydroxyl groups are hydrogen
bonded.”*** The non-covalent inter- and intra-molecular interactions of hydrogen bonding
and van der Waals attractive forces were expected to enhance the thermal and mechanical
properties of the polyester. These bonds are relatively weak and their role is to maintain
the strength and elasticity of the polymer.2*%” The absorption bands at 2928 cm™ and
2856 cm” were attributed to methine group (CH) vibrations. The peak at 1465 em™ was
atributed to the aliphatic methylene group (CHy) stretching. Finally, the peak from 1300-

1000 cm™ was attributed to (CO) stretching.
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Figure 3.3 FTIR analysis of POT.

DSC was used to investigate the thermal properties of the prepared polymers. A
DSC thermogram of the prepared POT prepolymer reported that a semicrystalline
prepolymer was prepared with a corresponding glass transition temperature (Tg) of -16.2
“C and melting temperature (Tm) of 57.2 °C. The heat of fusion of the corresponding

endotherm was measured to be 36.39 J/g.

The DSC analysis of cach batch of diketone and BCP prepared and tested for
purity produced sharp endothermic peaks between 160-165°C and 195-205°C,
respectively, as shown in figures 3.4 and 3.5. There were no other interfering endotherms,

which is an indication of the high purity that was confirmed with the LC-MS data.
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Figure 3.4 DSC thermogram of diketone.
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Figure 3.5 DSC thermogram of BCP.

With the structure of the prepolymer and the crosslinking agent confirmed, the
elastomers were prepared. The purified POT was crosslinked in different ratios with the

BCP monomer, as listed in Table 3.1. Five different elastomers were prepared with




different mechanical properties. A summary of the corresponding T, and T for each of
the prepared clastomers is reported in Table 3.2. The data shows that all elastomeric
networks are thermoset amorphous polymers as no melting temperatures were observed
in the thermograms of any of the prepared elastomers. Also, it shows that the higher the
amount of BCP used in crosslinking the POT prepolymer, the higher the Tg of the
elastomer, with a range from -10.1 to -4.8 °C. as would be expected due to the increase in

the crosslinking density of the elastomers.

Table 3.2 Thermal properties of the products.

Products Tg("C) | Tm (°C)

POT prepolymer | -162 | 572

Elastomer 1 -48 -

Elastomer 2 6.1 -

Elastomer 3 -85 -
Elastomer 4 -9.3 -
Elastomer 5 -10.1 -

It was noted that in the presence of crosslinking agent (BCP), the polymerization
time was reduced from 36 hours, as in case of elastomer 5, to 18 hours, as in case of
elastomers 1-4. On account of the difference in preparation (the absence of a crosslinker

in case of elastomer 5), only elastomers 1-4 were compared.




1t was observed that when a larger amount of BCP is introduced to L-tartarate and
1,8-octandiol monomers to form polymers, (clastomers 1 & 2), it resulted in a highly
crosslinked, amorphous network. On the other hand, elastomers 3 & 4, with a lesser
amount of BCP, consisted of soft rubber-like segments with lower Tg. The DSC results
showed that Tg was directly proportional to the amount of BCP used. The increase in Tg,
upon the use of a higher amount of BCP, was attributed to the restriction in the movement
of the highly crosslinked network of the polymer chain segment. In other words, the
higher the crosslinking density, the bulkier the segments of polymer and the greater the
amount of energy required to move it. Therefore, the Tg of the highly crosslinked

elastomers will require a higher temperature than the less crosslinked elastomers.

Swelling Properties, Structure of the Sol and Gel Products, and Water

Uptake Studies: Swelling experiments on the elastomers showed that they consisted of

crosslinked networks that contained both insoluble parts (gel) and soluble parts (sol) (i.c,
the portion of elastomer that had no covalent bonds to other chains in the network). The
content of sol was lower than gel and ranged from 2.16 to 9.76 % for clastomer 1 to
elastomer 4, respectively. The swelling test results showed relatively low sol content and
elastomer network formation was confirmed, as none of the discs of elastomer dissolved

in dichloromethane, and cach kept its original physical structure afier the removal of

dichloromethane.

As shown in Table 3.3, the values of the sol content % (Q) of elastomer 1 and

elastomer 2 were the lowest. The values for Q of elastomer 3 and elastomer 4 were the




highest, which indicates that the gel content of these products were the lowest. The gel
parts of the products gradually increased and the sol parts decreased with the increase in
the amount of BCP in the elastomers. Considering the mechanism of condensation
polymerization and the presence of the tetra-functional crosslinking BCP, these
observations were expected. Upon increasing the amount of BCP of the reactants, more
and more living crosslinkable terminals of the crosslinking agent in the chains were

formed, as a result, more crosslinking points were generated

Table 3.3 Sol Contents, R, and Water Uptake of different elastomers in dichloromethane.

Swelling degree of the
Sol content %
Elastomer corresponding gel % | Water uptake %
@
®)
Elastomer 1 216 16145 222
Elastomer 2 329 18182 304
Elastomer 3 659 24943 331
Elastomer 4 9.76 264.86 399

The degree of swelling for the corresponding gel (R) of the elastomers in
dichloromethane is an important property for characterizing the degree of crosslinking of

elastomers. The value of R is the total of the degree of swelling of the sol and gel parts of

the polymer matrix.




From the R values of the elastomers shown in Table 3.3, the following can be
observed. First, all of the values of the swelling percentages ranged between 161 % and

265 %, whicl

iplied that the swelling represented by the the gel part, was fairly high
Second, the R values of the elastomers were the lowest with the highest amount of BCP,
elastomer 1, and increased when the amount of BCP decreased; furthermore, R reached

its highest value when the elastomer had the least amount of BCP, elastomer 4.

By increasing the sol content Q, the swelling degree R increases due to the
swelling of the sol part. Therefore a high value for the swelling percentage means less
crosslinking, in other words a lower gel content. On the basis of such a model, the R
value of the elastomers would be composed of both sol swelling and gel swelling.
Therefore, the increase in the crosslinking density of the gel portions was believed to
decrease the R, the increases of the sol content of the elastomers lead to an overall
increase in R It was concluded that, increasing the amount of BCP within the elastomer
networks would decrease the Q. and R values, and increase the crosslinking degree of the

products.

All the elastomers were insoluble in water, and swelled from 2.22 0 3.9 % after
soaking in water for 24 hr, for elastomer 1 10 elastomer 4, respectively (Table 3.3). The
hydrophobicity of BCP influenced the extent of the water uptake. The water uptake of the

elastomers was not high because water was prevented from diffusing into the materials

due to the highly crosslinked structure, particularly for elastomer 1 and elastomer 2.

Water was able to diffuse to a greater extent in elastomers 3 and 4 due to the lower
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‘ amount of crosslinking agent. In short, the water uptake increased by decreasing the BCP
content; that is to say, decreasing the crosslinking density of the elastomers.” The data

confirmed that by increasing the crosslinking density using BCP, the sol content and

water uptake decreases as a result of more anchoring termini of BCP molecules in the

polymer matrices.

Mechanical Properties: For the purpose of determining the mechanical
properties of elastomers 1-4, slabs of those elastomers were subjected o tensile testing as
detailed in the experimental scction of this work. All the elastomeric slabs were

completely intact for the tensile testing and were very easy to align in the Instron clamps.

Figure 3.6 shows the stress-strain profiles for elastomers prepared using different
BCP:POT ratios. Average values (for triplet samples) for the Young's modulus, E,
extension ratio, A, maximun stress, o, and_percent strain at maximum load, ¢, obtained

for uniaxial tensile measurements are listed in Table 3.4.
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Figure 3.6 in behaviour of Poly(Octanediol-T: POT elastomers.

Table 3.4 Summary of the mechanical properties of the elastomers. Values are means +
(standard deviation).

Young’s Extension
Max Stress % Strain at Max
Elastomer Modulus Ratio
(MPa) (o) Load ()
(MPa) (E) )
Elastomer 1 0.23 £(0.01) 1.34 2.99+(0.02) 66.62 £ (1.87)
Elastomer 2 | 0.13 (0.02) 146 195+ (0.08) | 8085%(0.74)
Elastomer 3 | 0.08 £ (0.01) 1.78 1.48 £ (0.01) 84.03 £ (0.53)
Elastomer 4 | 0.05 + (0.02) 204 T05+(005) | 9527%(0.71)




‘The elasticity moduli, E, decreased from a value of 0.23 MPa from elastomer 1 to

a value of 0.05 MPa for elastomer 4. These results are mirrored in the results for
maximum stress (), as the amount of BCP decreased; the maximum stress also decreased
from a value of 2.99 to 1.05 MPa for elastomer 1 to elastomer 4, respectively. A decrease
in the amount of crosslinking agent resulted in the increase of the extension ratio of 1.34
for elastomer 1 to 2.04 for elastomer 4. Similarily, the percent strain at maximum load
increased from 66.62 for elastomer 1 to 95.27 for elastomer 4. Incorporation of higher

amounts of the crosslinker, BCP, resulted in a tougher elastomer.

The stress-strain behaviours of all of the elastomers were a reflection of their
corresponding Tgs. As expected, incorporation of higher amounts of the BCP crosslinker
resulted in a higher crosslinking density and tougher elastomer indicated by higher
Young’s modulus (E) values and lower percent strain at maximum load (c) as for
elastomer 1. On the other hand, clastomer 4, with less BCP, was a soft and weak
elastomeric polymer with a low E and high ¢. Therefore, it can be concluded that a
consistent correlation was established between the mechanical properties and the amount

of BCP added to the polymer matrices.

In Vitro Degradation Studies: To determine the changes in the mechanical
properties and the degradation patterns of the prepared elastomers as a function of time,
slab specimens of elastomers 1 & 2 were subjected to an accelerated in vitro degradation
experiment in PBS of pH = 7.4 at 37 °C. Figure 3.7 shows the percentage mean increase

in weight of the slabs with respect to time over a period of 8 weeks. The weight gain of




clastomer 1 and elastomer 2 increased with time, due to the formation of degradation
products that drew more water into the polymer matrix via osmosis. The reason for the
increase in water content is likely due to the inability of the degradation products to
diffuse out from the bulk as a result of the high crosslinked density. By the end of §
weeks, the elastomeric slabs became paste-like in their consistency but none of the slabs
had degraded completely. The weight gain during the incubation of clastomer 1 and
elastomer 2 resulted from water penetration into the amorphous network where it is less
organized and more accessible to water molecules via diffusion” Such behaviour has

been reported for other polymers.™

% Mean increase in weights
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Figure 3.7 Percentage increase in weight of the tested slabs of the corresponding
elastomers.
“The hydrophiliciy of the elastomer is increased by the formation of firee carboxylic
and hydroxylic end groups as a result of the nonenzymatic hydrolytic cleavage of ester
bonds during the degradation of the elastomer.” Furthermore, the hydrophilic moieties

acted as a driving force for imbibition of water into the elastomers due to osmotic
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activity, therefore the elastomers began to swell. Thus, the increase in weight of the
elastomers with time can be used as a measure of the rate of degradation of the products.
“This pattern of degradation would result in the accumulation of the acidic monomers
inside the bulk which contributed to the further autocatalytic acidic degradation, which is
comparable to the degradation pattern of poly(DL-lactic-co-glycolic acid) (PLGA)

copolymer.”

It was reported that polymers containing both hydrophobic and hydrophilic
segments seem to have a higher biodegradability than those polymers containing either
hydrophobic or hydrophilic segments only.”** POT elastomers containing a higher
amount of BCP, which is hydrophobic, had a slower rate of degradation than those
containing lower amounts of BCP. As such, we can conclude that the elastomeric
properties can potentially be tailored by grafting hydrophobic moieties to the hydroxyl
groups, such as BCP, which inhibits the attack of the ester groups. The presence of both
hydrophilic and hydrophobic segments provides the best characteristics to the polymer
during degradation and therefore, is very useful for the controlled release of drugs.”® Such
a pattern has been previously reported with many polymers.'®**¥” In general, the rate of
degradation increased with the increase of the hydrophilic moieties or decrease in the
hydrophobic segments in the polymer chain®® Increasing the crosslinking density in
elastomer 1 over elastomer 2 served to reduce the rate of hydrolytic attack by restricting
the segmental motion of the polymer chains and reducing the water penetration into the

clastomer network.



‘The 11 % increase in weight during the first week indicates that degradation began
immediately after placement in the buffer. This is likely because of the low molecular
weight of the polymer. By the second week, the absorption of water was higher in
elastomer 2 than elastomer 1, and this pattern continued for the eight week incubation
period. This behavior would be attributed to the lower crosslinking density of elastomer 2
compared to elastomer 1. The higher the crosslinking density, the slower the degradation

rate.'?

Changes in the Mechanical Properties during In Vitro Degradation: The
decrease in the modulus values for elastomer 1 and elastomer 2 during the in vitro
degradation study period are shown in Figure 3.8. A decrease in the modulus with time
during degradation has been reported previously.”' This behavior is indicative of a
homogenous bulk hydrolysis mechanism in which  random chain scission of ester groups
oceurs along the backbone. The bond cleavage is occurring within the bulk matrix,
causing a decrease in modulus as the number of effective elastic chains is reduced with
cach bond cleavage. Similarly, the percent strain at maximun load, ¢, for elastomer 1 and
clastomer 2 decreased until the second week and then maintained some elasticity till the
end of the incubation period (data not shown). This is may be explained because

elastomer 1 and elastomer 2 had elastic behavior due to their high crosslinked density.
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Figure 3.8 Change in Young’s Modulus with time.

The changes in the ultimate tensile stress, o, of the elastomers during the in vifro
degradation study were expected and were related to the other mechanical properties
examined in this study. First, a decrease in the ultimate tensile stress was indicative of the
degradation process of clastomer 1 and clastomer 2. In addition, the decrease in the
ultimate tensile stress was most significant after two weeks of the in virro study and then
declined more slowly until the values approached zero by the end of the degradation

study. (Figure 3.9)

The mechanical propertics testing was stopped at week 6. The degraded slabs

were very weak and hard to align properly in the Instron clamps.
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Figure 3.9 Change in ultimate tensile stress (maximum stress) with time.

o

In general, polymer erosion can be classified into homogenous or bulk erosion,
and heterogencous or surface erosion.' However, both types are extremes and the
degradation mechanism of polymers is often characterized by a combination of both.™ In
a previous study by Schliecker et al., it was demonstrated that the degradation of a
poly(diethyl tartarate)-co-(isopropyliden tartarete) polymer mainly proceeds via bulk
erosion. The polytartrate implant is characterized by a rapid mass loss within a short
period of time occuring after a definite lag phase without remarkable mass loss.” This
behaviour is similar to the POT elastomers, which showed a lag time of two weeks.

(figure 3.10).
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Figure 3.10 Change in weight of the tested elastomers with time after drying.
“The changes in the extension ratio, Ay, for the slabs with time are reported in Table
3.5. As expected, a decrease in the A, values accompanied the use of a higher amount of

BCP and the resulting higher crosslinked density.

Table 3.5 Summary of the changes in the extension ratio values with time for the tested
slabs. Values are mean + (standard deviation).

Time Elastomers Tested

(Weeks) | Elastomer 1 | Elastomer 2

0 1.34 (0.05) 1.46 (0.06)
[ 130(0.03) | 136 0.01)
2 1.31(0.02) 1.45 (0.05)
4 1.37(0.02) 1.54(0.02)

6 1.66 (0.05) | 1.67(0.05)
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During the first week of the study, there was a decrease in the extension ratio for
both clstomers, which may be due to the initial water uptake. Afier the first week, the Ay
values increased for both elastomers. Elastomer 1, the more highly crosslinked elastomer,
had lower values than elastomer 2. This behaviour is consistent with the mechanical
properties tested in the study. The loss of mechanical properties over the incubation
period for elastomer 1 and elastomer 2 were directly related to the hydrophilicity of the
material. The more hydrophilic the material, the easier it was to lose the mechanical

properties.”®

Since the crosslinked density s direetly proportional to the strength but inversely
proportional to the degradation rate of POT elastomers, the properties of the elastomer
were tailored by adjusting the amount of the crosslinking. Flexibility can be conferred on
the elastomers by varying the amount of crosslinker. The results show that POT
elastomers are degradable copolymers and that the degradation rate can be modulated by

changing the ratio of BCP crosslinking agent.

PH Changes in the Degradation Media Over Time: This experiment was
carried out to monitor the change in pH during the degradation process. The medium was
not changed during the whole testing period, there were no sink conditions, to assess
whether there were any changes in the pH of the medium due to the released products into
the medium. As shown in Figure 3.1, the pH of the degradation solution decreased as the

degradation process proceeded. The appearance of the drastic pH changes with the
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different elastomers was parallel with the observable changes in the appearance of the

elastomers, attributable to a faster degradation rate.

P values.
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Time (days)
Figure 3.1 Change in pH of the degradation media with time.

In parallel with an increase in water absorption, the pH value of the degradation
medium started to decrease. This is likely the result of the increase of monomers bearing
the acidic carboxyl group of L-tartaric acid in the medium. The hydrophilicity of the
polymer increases due to the formation of free hydroxylic and carboxylic end groups. As
a consequence, the acidic monomer and oligomer products start to diffuse into the

surrounding medium and decrease the pH value.

Elastomers 1 & 2 showed the smallest pH change after it reached only a pH of 3.5
by day 10. Fortunately, END can survive stable and remains active within this pH

environment, and, sink conditions would be assumed in the human body.
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3.5 CONCLUSIONS

A series of novel biodegradable polyester elastomers were successfully
synthesized and characterized. A crosslinking agent, BCP, was used to change the
crosslinking densities, swelling and the mechanical properties of the elastomers. A
consistent correlation was established between the mechanical properties and the amount
of BCP added into the polymer matrices. The in virro degradation study showed that the
higher the amount of BCP, the slower the degradation. The original mechanical properties
were diminished with longer degradation times. The new elastomers follow a bulk
hydrolysis degradation patiern and demonstrate promising applications in tissue

engineering and the development of implantable drug delivery systems.

“The effect of the crosslinking density on elastomers by the addition of an external
source of crosslinking agent, BCP, was investigated. However, there are other factors that
affect the characteristics of elastomers. The use of different ratios of the monomers, with
or without BCP can be investigated. Future experiments could be conducted to focus on
the monitoring the molecular weight, the molecular weight distribution, the
hydrophilic/hydrophobic character, and thermal characterization of the elastomers during

the in vitro degradation study.

As a final observation, the elastomer crosslinking was performed under elevated
temperature, which is not feasible for most drugs and certainly not for protein drugs;

Therefore, it was necessary to find a method that does not require high temperatures in
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the preparation of the elastomer. As a result, a non-thermal and photocuring method was

developed to prepare a crosslinked elastomer to use for drug delivery.
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Chapter 4. Synthesis, Characterization and In Vitro Osmotic Release Studies of
Pilocarpine Nitrate and Endostatin from a New Photo-crosslinked Biodegradable

Elastomer.

4.1 ABSTRACT

Purpose: To prepare and characterize a novel family of ultraviolet (UV)
crosslinked biodegradable poly(octanediol-tartarate) (POT) elastomers and to test the
effect of drug loading, particle size, device geometry, and polymer properties on the in
vitro release of the water soluble drug, pilocarpine nitrate (PN) and endostatin (END)

from these novel elastomers.

Methods: An aliphatic polyester prepolymer was first synthesized via the
polycondensation reaction of L-tartaric acid with 1,8-octanediol at 140 °C for one hour
under vacuum to form the POT prepolymer. The purified prepolymer was reacted
stepwise with acryloyl chloride (ACRL) and the purified acrylated poly(octanediol-
tartarate) (APOT) prepolymer was then mixed with an UV initiator and subjected to UV
light to form the photocurable elastomer. All the prepared products were characterized
using proton nuclear magnetic resonance ('H-NMR) spectroscopy, fourier transform
infrared spectrometry (FT-IR), and differential scanning calorimetry (DSC). For in vitro
release studies, PN powder of three different particle sizes was mixed with APOT to
achieve a 10% w/w loading. Lyophilized END, with trehalose and bovine serum albumin
(BSA), was mixed with APOT to achieve the same wiw loading. Each mix was poured

into glass moulds and subjected to photo-crosslinking. PN prepared devices were



immersed in scintillation vials with the three different media. END prepared devices were
immersed in small scintillation vials containing phosphate buffer solution. Release of PN
was detected using UV analysis, however, the END was quantified using a thEND
ELISA kit. The percent release for both drugs was plotted versus time.

Results: 'H-NMR and infrared analysis confirmed the purity and structure of the

prepolymer. Thermal analysis of the acrylated prepolymer reported a semicrystalline
structure with a corresponding glass transition temperature (Tg) of -10.8°C and a melting
endotherm at 53.4°C. The final photo-crosslinked POT elastomers were amorphous and
have a Tg of 4.4°C. The release profiles showed that, contrary to reported studies,
devices formulated with the same volumetric loading and smaller drug particle size
released drug faster than the devices with a larger particle size. It was also shown that
osmotic release contributed to the linear release patten of PN from the new POT
elastomers. The elastomers also followed a bulk degradation mechanism with no

significant weight loss during the period of study.

Conclusions: Novel biodegradable photo-crosslinked POT elastomers were
successfully prepared and characterized, and are suitable for implantable sustained release

delivery of hydrophilic drugs.



4.2 INTRODUCTION
‘The use of biodegradable polymers in tissue engincering," gene therapy®” and

drug delivery systems®'" has inspired the desire to develop new biodegradable

elastomers. It is desirable that biodegradable elastomers designed for such
applications show a homogenous degradation profile and keep their dimensional stability

during the drug release period.

One strategy to prepare elastomers involves the preparation of prepolymers, then

thermally inking those using different bi crosslinkers such

as BCP to produce elastomers.' However, the preparation involves the use of solvents,
such as DCM or acetone, and elevated temperatures, which would prevent it from being
used as a delivery vehicle for thermo-sensitive therapeutic agents such as proteins and

hormones.

In the previous chapter, the synthesis and characterization of thermoset
amphiphilic elastomers as potential biomaterial for biomedical applications was reported.
BCP was used to crosslink a semicrystalline prepolymer prepared by polymerizing L-
tartaric acid with 1,8-octanediol and stannous 2-ethylhexanoate as a catalyst. This method
resulted in_ biocompatible biodegradable polyester elastomers, but a polymerization
temperature of 120 °C was required in the thermal curing process. Such high temperatures
would hinder the use of these prepared elastomers for delivering heat sensitive protein

drugs and hormones that denature at high temperatures.
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In an attempt to enable the loading of thermosensitive drugs into elastomeric

matrices, ph ization was used. Ph ization has been utilized to
synthesize biodegradable hydrogels and elastomers for several biomedical applications
such as drug delivery systems.'*'* This technique involved the preparation of
prepolymers with photosensitive termini which can undergo free radical polymerization

and formation of photocured elastomers in the presence of a photoinitiator and ultraviolet

(UV) light. This promising technique would present a number of benefits and advantages
over thermal polymerization for the synthesis of biodegradable elastomers. First, it avoids
the use of heat for the crosslinking process as it can be carried out at room temperature.
Second, the photocuring process is rapid and proceeds in a matter of minutes. Third, it is
a solvent-free process. Finally, the photocured elastomers can be customized with

different crosslinking densities and mechanical properties by changing the number of

photosensitive termini in the prepared acrylated prepolymers. Elastomers synthezied by
this method would enable the incorporation of heat labile drugs such as proteins. There

are many applications for photo-crosslinking elastomers in the biomedical field."”2"

Elastomers can be used for the drug delivery of osmotically active and water-
soluble drugs. It is well accepted that the osmotic activity of the drugs is a major
component of the drug release from such a device.'*?'?2 Many researchers have focused
on the different factors that affect the mode and the rate of release from those new
delivery systems.'***?* It was demonstrated that the osmotic activity, concentration, and

the particle size of the therapeutic agents or excipients, the degradation rate of the



polymer, and the characteristic of surrounding media play important roles that affect the

release profiles of the biodegradable polymeric devices.'*'*#*2*2¢

Volumetric loading plays an important role in the release of the drug from an
elastomeric monolith matrix. When the monolith system is loaded above the percolation
threshold, that is to say, the drug particles dispersed in the polymer matrix are
interconnected with one another, the release of the drug will not be controllable. Upon
immersion of such a device into an aqueous medium, the water-filled pores that are
formed as water is imbibed from the surface of the device replaces the active agent that
leaches out into the medium and the release becomes non-constant and diffusionally
controlled. To control the osmotic and constant release of the solute from the device, the

drug loading must be kept below the percolation threshold, which is approximately 30 to

350582527

Osmotically active drug release from an elastomeric device is outlined briefly in
scheme 4.1. Stage 1: By immersion of the drug loaded device into an aqueous medium,
water vapour starts 1o diffuse into the elastomeric matrix and begins 10 dissolve the highly
osmotic encapsulated solid drug particles. Stage 2: More dissolution occurs and the drug
capsules start to swell and exert an osmotic pressure on the surrounding clastomeric
matrix. Stage 3: Microcracks are formed due to the high osmotic pressure, and the
dissolved drug is forced out of the drug capsule, through the microcracks in the clastomer
into the releasing medium. This ruptures and microcracks process continues in a layer by

layer fashion until complete degradation of the elastomer has occured.




Scheme 4.1 This diagram represents the stages of the osmotic release of one drug particle
within the elastomeric matrix. The particles close to the elastomer releasing medium
interface will be released first. The process oceurs in a serial layer by layer fashion.

The release of a drug by an osmotic mechanism has several advantages; the two main

advantages being that it provides a continuous release and the rate of release can be controlled

by the manipulation of excipients. Additionally, the bi p degrade into small
biocompatible monomers and can be excreted via normal excretion processes in the body,
thereby avoiding a surgical removal step. In view of the challenges of administration of
therapeutic doses of END, as described in chapter 2, the use of a biodegradable device having
an osmotic relcase mechanism would circumvent many of the obstacles to the delivery of

END.

Implantable biodegradable polymeric devices would provide a unique practical means
of localizing angiogenic inhibitors such as END at a tumor site. The strategy of using a
polymeric controlled delivery device would reduce the amount of protein needed, relative to

systemic administration, to achieve a similar angiogenic inhibition. However, for protein drugs,



polymers have drug stability issues during polymer degradation because of the acidic moicties

released which have an affect on the protein stability.

Three series of experiments are described in this chapter. First, details of the synthesis,
photocuring and characterization of a novel biodegradable elastomer is provided. This new
clastomer has potential for use as an implantable device for the delivery of therapeutic agents
and protein drugs. A series of photocured elstomers with varying amounts of acryloyl chloride
were prepared by means of the following steps. (i) Thermal synthesis of an aliphatic POT ester
prepolymer using 2-ethylhexanoate as a catalyst; (ii) conversion of the terminal hydroxyl
groups to vinyl groups by an acrylation reaction; and (iii) photocuring of the acrylated POT
using 2,2-dimethoxy-2-phenyl-acetophenone (DMPA) as the photoinitiator. The resulting
elastomers were characterized for structure and purity. The photocured elastomer having

optimal photo-crosslinking was chosen for loading the therapeutic agents. Pilocarpine Nitrate

(PN) was used as a model drug in place of END, as END is very expens

Second, the release profile of a highly osmotic agent such as PN from the novel
elastomer was determined. In another experiment, PN was also co-formulated with trehalose.
‘These experiments were designed to examine the cffects of osmotic activity, particle size of the

drug, the device geometry and the surrounding media on the release profile.

Finally, an osmotic release study of END from the photocured elastomer was carried
out. END lypholized particles were incorporated into the acrylated prepolymer solution and the

system was solidified into an elastomeric drug matrix by photocuring using ultra-violet light



Trehalose and BSA were lyophilized with thEND to produce a homogenous mixture. The
excipients, trehalose and BSA, were used to maintain the bioactivity of END during the photo-
crosslinking reaction. In addition, the END release was driven by the osmotic pressure

generated by the dissolved trehalose co-lypholized with the END.

In summary, this novel elastomer which is biodegradable, and has desirable amphiphilic
properties, is photo-crosslinked, and it is suitable to deliver protein drugs. The formulations of
both PN and END were altered by incorporation of trehalose to increase the osmotic activity.
The outcome was the development of a new local drug delivery system for a therapeutic

protein.

43 MATERIALS AND METHODS
43,1 Materials

L-tartaric acid and 1,8-octanediol and other chemicals used in the synthesis and
purification of elastomers including, stannous octoate, acetone, acryloyl  chloride,
triethylamine, and 4-dimethylaminopyridine, chloroform, ethyl ether, ethyl acetate, the
long-wave UV (LWUV) initiator, 2,2-dimethoxy-2-phenyl-acetophenone, pilocarpine
nitrate salt (PN), (+) trehalose, and serum bovine albumin (BSA) were all obtained from
Sigma-Aldrich (Canada). Recombinant human Endostatin and the ELISA kit were

purchased from Perprotech Canada, and R&D Systems, respectively.




4.3.2 Preparation of 1:1 Poly(Octanediol-L-Tartaric) Ester Prepolymer (POT)

The detailed method of synthesis and characterization of non-acrylated

prepolymers were reported in Chapter 3. The schematic representation of the steps is

repeated below.
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Scheme 4.2

4.3.3 Synthesis of the Acrylated POT Prepolymer (APOT)

Based on the number of hydroxyl terminals in the POT prepolymer, two moles of
acryloyl chloride were used to react with one mole of POT prepolymer to form APOT
prepolymer. The synthesis is summarized as follows. In a three neck round bottom flask,
20 gm of POT (0.016 mole) was dissolved in 200 ml of acetone on a magnetic stirrer
using a magnetic stir bar. The flask was sealed using a rubber septum and flushed with
argon gas. This step was repeated every 30 minutes. The flask was then immersed in an
ice bath (0°C), after which 10 mg of 4-dimethyl aminopyridine (DMAP) were added as a
catalyst. A stepwise addition of 0.032 mole of each of acryloyl chloride (ACRL) and
trethylamine (TEA) were added over a period of 12 hours at 0°C. The reaction was then
continued at room temperature for another 12 hours. The final solution was filtered to

remove the triethylamine hydrochloride salt formed during the reaction. The polymer




solution was concentrated using a rotary evaporator and further purified via dissolution in
chloroform, filtered, precipitated in cold anhydrous ethyl ether, and then dried in the fume
hood under vacuum for 2 days. 'H-NMR, DSC, and FT-IR were used to characterize the
purity of the final product and the disappearance of OH groups as a result of the

formation of the vinyl groups at the arm terminals of the APOT prepolymer.

4.3.4 Ultra Violet-Crosslinking of Acrylated POT Prepolymer

Thirty percent weight / volume (%w/s) of 2,2-dimethoxy-2-phenyl-acetophenone
(DMPA) in acetone was prepared to form the UV initiator solution. In a small test tube,
50 I of the UV initiator solution was added to 1 gm of acrylated POT. The viscous
solution was mixed well using a vortex mixer and poured into a cylindrical glass mould
(6 mm diameter x 10 mm length). The sample was then exposed to UV light at a distance
of 5 em at room temperature for § minutes using a BLAK-RAY long wave ultraviolet
lamp model B-100 AP of 21,700 yW/em? relative intensity. The elastomer formed was
then removed from the mould. The crosslinked polymer was dried in the fume hood for
one day to ensure complete evaporation of any remaining acetone and kept in the
desiceator under vacuum until required for analysis and characterization. A schematic

presentation of the preparation process is shown in scheme 4.3.
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4.3.5 Polymer Characterizaitons

Proton NMR of the acrylated POT was run in acetone-d using a Bruker
AVANCE 500MHz Spectophotometer. The chemical shifts in parts-per-million (ppm) for
the generated spectra were referenced relative to tetramethylsilane (TMS, 0.00 ppm) as

the internal reference.




Fourier transform infrared (FT-IR) spectra were obtained at room temperature
using a Bruker TENSOR 27 Fourier transform infrared spectrometer. The acrylated POT
prepolymer samples were prepared and poured over a zinc/selenium crystal. The infrared

data was analyzed using Opus Bruker Optik version 4.0 software.

The thermal properties of the elastomers and APOT prepolymers were
characterized using a Seiko 210 DSC attached to a cooling system. The sample (5-8 mg)
was placed in an aluminium pan and was run at the heating rate of 10 °C/min using two

cycles. From ambient temperature to -60°C to 150°C to -60°C to 150°C, with the glass

transition temperature (Tg) was measured from the second heating cycle. The DSC
instrument was calibrated using indium and gallium standards. The enthalpies, glass
transition temperatures, and melting endotherm were determined using the internal DSC

analysis program.

4.3.6 Preparation of Pilocarpine Nitrate (PN) Loaded Tablets and Cylinders

UV initiator solution (30% w/v of DMPA in acetone, 500 ) was added to 10 gm
of the APOT prepolymer. The resulting viscous clear yellow solution was mixed until
homogenous. Three different particle sizes were prepared by sieving the PN powder
through 45, 100, and 300 pm meshes. A 10 percent weight / weight (% w/w) PN loading
was achieved by adding 1 gm of cach particle size of the micronized powder 1o the mix.
‘The thick suspension was then mixed using a vortex mixer for 1 minute. The product was
poured into glass moulds of 10 mm diameter x 3 mm length for the tablet moulds, and

6mm diameter x 10 mm length for the eylinder moulds. The moulds were exposed to UV




light as previously described. The photo-crosslinked elastomers were then removed from
the moulds by breaking and peeling the glass to get the final tablet and cylindrical devices
Toaded with the PN salt. Each device was weighed. When a 1:1 mix of PN and Trehalose
were used to load the elastomeric monolithic systems, first both powders were dissolved
in water to get an intimately mixed solution. Water was then removed using a Freezone
model 77530 freeze dryer, operating at -48°C and 36 X 10° mbar. The resulting powder
was seived through a 100 um mesh sieve to obtain the final micronized mix. The drug
content in all elastomeric tablet or cylinder devices was calculated based on 10% wiw
which corresponds to approximately 14.4 percent volume / volume (% v/v), which is
below the percolation threshold. However, % wAw is used as it is directly measured and %

vivis calculated indirectly.

437 In Vitro Release Study of PN and UV Analysis

“The prepared monolith tablets and cylinders with different particle sizes (45 um,
100pm, and 300um), loaded with 10% w/w PN with or without trehalose were subjected
to in vitro release studies using phosphate buffer saline (PBS) of pH 7.4 as a release
‘medium. Furthermore, tablets and cylinders with 100 um particle size PN with 10% w/w
were subjected to in vitro release studies using DW, PBS, and 3% NaCl as release media.
Three samples of each device were put into 40 ml amber scintillation vials filled with a
pre-selected dissolution medium. The vials were attached to the Glas-Col rugged culture
rotator. The rotator was set at a 30% rotation speed and placed in an oven at 37°C. The
release medium was replaced with fresh medium to ensure sink conditions and a constant

osmotic pressure driving force. The release media were replaced over a period of 24 days
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or until a 100% cumulative release was achieved. Solutions withdrawn were filtered and
the concentrations were determined by an ultraviolet method of analysis at a maximum
wavelength of 216 nm using a MILTON ROY Spectronic 601 UV/VIS

spectrophotometer.

43.8 Lypholization of Protein with Excipients

Human recombinant Endostatin (thEND) was co-lyophilized with trehalose and
BSA. Trehalose and BSA at a ratio of 1:1 w/w were used, while the END amount
remained 500 ng and to achieve a final amount of 10 % wiw in each device. To prepare
the lyopholized protein, the excipient was added as a solid to aliquots of the protein
solution and stirred gently at room temperature until dissolution was complete. The
Solution was then filtered with a 0.22 um low protein binding filter to remove any
particulate. The filtered solution was subjected to a cycle of freeze drying at -48°C and
36 X 10° mbar for 36 hours to obtain the lyophilized product. The Iyophilized product
was ground into powder using a mortar and pestle and sieved through a 220 m to 300um

mesh.

4.3.9 Preparation of Protein Loaded Elastomer Slabs

Lyophilized powder was mixed with a polymer containing the photoinitiator (0.25
gm of APOT prepolymer + 12.5 l of 30% Wiy of 2,2-dimethoxy-2-phenyl-acetophenone
in acetone). This suspension was poured into Teflon rectangular moulds of 6mm X 5 mm
X 1.5 mm, and then exposed to UV radiation for 5 minutes to crosslink the prepolymer.

After crosslinking, the drug loaded slabs were removed from the moulds and dried in the




fume hood overnight. The drug content in each elastomeric slab was calculated based on

10% whw (corresponding to an approximate 14.4% v/v) to ensure that the loading was

well below the polymer percolation threshold of 30-35%

4310 In Vitro Release Study and Quantitative Analysis of the Protein

“The release study was carried out by immersing the protein loaded elastomeric
slabs in small scintillation vials containing 2 m sterile PBS with pH = 7.4. The vials were
attached to the Glas-Col rugged culture rotator. The rotator was set at a 30% rotation
speed and placed in an oven at 37 °C. The release medium was removed at pre-
determined time intervals and replaced with fresh buffer to ensure sink conditions and
constant osmotic pressure driving force, The collected samples were divided into aliquots,

and frozen at -80°C for subsequent analysis of concentration using a thEND ELISA kit.

4.4 RESULTS AND DISCUSSION

paration and C} ization of a Elastomer: The aliphatic
polyester POT prepolymer with two hydroxyl groups at the terminals was prepared using
solvent free polymerization of 1,8-octanediol and L-tartaric acid at 140 °C in the presence of 2-
ethylhexanoate as a catalyst. The full synthesis procedure and characterization was reported in

chapter 3.

‘The photo-polymerization reactions were conducted with different photo-polymerizable
end groups for the purpose of UV-photo-crosslinking ™2 The acrylation method was selected

because it possesses a high reactivity with photo-polymerization conducted in the order of




‘minutes.* Moreover, the final elastomers degrade into acrylic acid which is extensively
metabolized into water soluble end products that are safely washed out and excreted by the
kidney without bioaccumulation.*” For these unique properties, the terminal hydroxyl groups in
the previously prepared POT were subjected to an acrylation process'***# using acryloyl
chloride for the purpose of replacing the OH groups at the terminal of the aliphatic POT chains
with unsaturated vinyl terminals. These acrylated terminals can undergo crosslinking via UV

photo-polymerization technology in the presence of DMPA as a photoinitiator.

In order to optimize the amounts of acryloyl chloride required to undergo the complete
acrylation process of the hydroxyl group terminals of the POT prepolymer, different molar

ratios of acryloyl chloride were reacted with the POT prepolymer as shown in Table 4.1.

Table 4.1 Acrylated POT synthesized by using different amount of acryloyl chloride to react
with POT prepolymer.

Acrylated POT Code | POT (mol) / Aeryloyl chloride (mol)
POT-0.0 10700
POT-05 10705
POT-1.0 10710
POT-20 10720

‘The FT-IR spectra for the acrylated prepolymers are shown in Figure 4.1. Itis
clear that by increasing the molar ratio of the acryloyl chloride to POT, the intensity of

the corresponding OH stretching at (3500) em” decreased with concomitant increase in

105




the formation of vinyl group terminals which are indicated by the appearance of the new

C=C stretching peak at (1690) cm.
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Figure 4.1 FT-IR spectra of the acrylated POT prepolymers reacted with different molar
ratios of acryloyl chloride.

FT-IR spectra showed that the complete disappearance of the OH stretching was

taking place with acrylated POT-2.0 compared to the OH stretching peak in the case of

lated POT-0.0. This observation can be observed learly in Figure 4.2.
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Figure 4.2 FT-IR spectra of POT before and after acrylation process.

‘The calculated conversion percentage of the hydroxyl groups to the corresponding

vinyl groups were measured using the following equation :*'

AUP,,
AUP ..y POt

AUP,,
AP0 ) o

Where AUPoy s the area under the peak of the OH stretching at (3500) cm™ and AUPc-o

% Conversion = 100 - x100

is the area under the peak for C=0 stretching at (1734) cm’

As shown in table 4.2, there was no significant difference between the calculated
percentage of conversion compared to the theoretical values. In general, it was obvious
that the optimum amounts of acryloyl chloride used for the acrylation of POT prepolymer
was one mol of acryloyl chloride to one mol of OH in the polyester POT prepolymer and

resulted in a conversion percentage of 96 %
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Table 4.2 Area under the peak for OH and C=O stretching for POT and acrylated POT
and % conversion of the terminal hydroxyl to the vinyl groups.

Acrylated | AUP | AUP | AUP(OH)/ | Calculated % | Theoretical %

prepolymer | (OH) | (C=0) | AUP(C=0) | Conversion | Conversion

POT-0.0 4651 4588 1.017 0 0

POT-0.5 3452 | 4612 0.749 26 25
| POT-1.0 2333 | 4561 0512 a9 50

POT-2.0 164 4345 0.038 9% 100

The acrylation process and further purification was confirmed using 'H-NMR
spectroscopy. The acrylated groups were represented by the peaks of acryl protons
between 5.9 and 6.1 ppm for OCHC=CH, (cis), and 6.4 and 6.5 ppm for OCHC=CH,

(trans) as shown in Figure 4.3.

Figure 4.3 '"H-NMR of the acrylated POT prepolymer.
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“The thermal analysis of the acrylated POT prepolymer using DSC demonstrated a
semicrystalline structure with a melting endotherm at 53.4°C and with a glass transition
(Tg) of -10.8°C. However, the POT-20 elastomer showed that it has no melting
endotherm, indicating that the final product was an amorphous photoset elastomer with a

Tg of -4.4°C, which is well below body temperature.

The photo-crosslinking process was initiated using DMPA as a photoinitiator.
DMPA was chosen because it possesses many desirable properties. It is a highly reactive

photoinitiator which accelerates the crosslinking reaction. It is biocompatible and has low

toxicity on living tissues. It has good initiation efficiency and a low amount of unreacted

initiator remains in the photocured polymer.”**

Photocured elastomers were produced after 5 minutes of exposure of the acrylated
POT prepolymer to LWUV light at a distance of 5 cm. The polymerization was rapid, the
crosslinked network had formed and was confirmed by immersion of the elastomers in
DCM. The elastomers swelled, but did not dissolve. This behaviour can be used as an

indication that crosslinking has occurred.

The elastomer with the highest amount of crosslinking (POT-2) was used for the

drug release studies, as all the hydroxyl groups were converted to photosensitive termini,

and therefore would provide the highest degree of crosslinking density.



Drug Release Studies: The original purpose of the project was to load the
angiogenic inhibitor protein, END, into a novel biodegradable elastomeric polymer at a
volumetric loading well below the percolation threshold and to achieve a prolonged,
sustained, and osmotic release of the END. The intension was to determine the conditions
for the development of an optimal release profile by monitoring the effect of factors that
govem the release such as particle size, surrounding medium, device geometry, and the
osmotic activity of the incorporated excipients with the protein. For economic reasons,
this determination was initially carried out using Pilocarpine Nitrate salt (PN) as a
peptidomimetic, hydrophilic, water soluble and therapeutic drug. When the optimal

conditions were determined, the END osmotic release study was carried out.

PN was selected because it is a peptidomimetic drug with reasonable osmotic
activity. the concentration in the releasing media can casily be measured using UV
analysis, and it is an inexpensive drug. The stability of PN in the three used media, PBS,
DW, and 3 % NaCl, was tested and showed no significant changes during a one-week

period.

‘The goal was to develop an osmotically controlled drug release system. Iso-
osmotic (PBS), hypo-osmotic (DW) and hyperosmotic (3% NaCl) releasing media were
used to determine the degree of osmotically controlled release of drug from the elastomer.
“The osmolalities of these releasing media, as well as PN and the excipient trehalose are

reported in table 4.3
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Table 4.3. Osmolality of PN solution and release medi

Solution Osmolality

(mOsm/kg)
Deionized Water 20
Phosphate Buffer Saline (PBS) of pH= 7.4 280
3% NaCl 919
Saturated Pilocarpine Nitrate 791
Trehalose 1524

Influence of Particle size on drug release: Figures 4.4 and 4.5 show the release
profiles of PN of different particle sizes, 45, 100, and 300 um, respectively, from tabular
and cylindrical devices in PBS media. It was noted that the release profiles consist of
three distinct regions. A predominant burst release which lasted for the first 24 hours

accounting for 40% release of the loaded drug. This portion resulted from the drug

particles dispersed at or close to the surface of the devices. The burst amount in the two

devices was almost the same. This initial burst segment was similar to many
biodegradable polymers.***” The initial burst release was followed by a slower sustained
and constant release period that lasted up to 10 days. This constant release segment is due

to both diffusion and osmotic phase and accounted for 30-40% release of PN. The further

increase in the release rate was due to the degradation of the elastomers.

1



% Release
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Time hr
Figure 4.4 Cumulative percent PN released from 10 % whv loaded tablet devices with
different particle sizes in PBS medium at 37 °C.
The high release during the first and second phase of the release profiles can be
attributed to the hydrophilicity of both the polymeric network and the PN salt. It should
be noted that these experiments were performed under highly-accelerated in vitro

degradation processes that increased the high degradation rate of these hydrophilic

elastomers.
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% Release
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Figure 4.5 Cumulative percent PN released flf:"o % wiw loaded cylinder devices with
different particle sizes in PBS medium at 37

The release profiles of the devices formulated with the same volumetric loading
but with smaller drug particle sizes released drug faster than those devices with larger
particle sizes. This phenomenon can be attributed to the fact that the small particle sizes
dissolve more rapidly and require less water vapour to rupture the capsules. Furthermore,
the shorter distances between the drug particle layers would lead to a shorter time to
rupture the encapsulated drug particles within the elastomeric matrix. As shown in
Figures 4.4 and 4.5, there was no significant difference between the release profiles of the
tabular and cylindrical devices. Clearly, the device geometry did not play a major role in

the release of the PN.
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Influence of Osmolality of the Releasing Media on Drug Release: The effect of
the release media on the release rate of the tabular and cylindrical network is shown in
Figures 4.6 and 4.7 respectively. It was noted for the thre different dissolution media that
the constant release phases started from day 2 up to day 10 for both the tabular and
cylindrical devices and were within the same range. This indicates that one release
mechanism is controlling the release of PN from the these networks, regardless of the

release medium used.

% Release

0 100 150 £ 20 £ %0 0
Time hr

Figure 4.6 Cumulative percent PN released from 10 % w/w loaded tablet devices of
100pm particle size in different osmotic media at 37 °C.
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Figure 4.7 Cumulative percent PN released from 10 % w/w loaded cylinder devices of
100um particle size in different osmotic media at 37 °C.

The osmotic activity of the NaCl media (919 mOsmol/Kg), is higher than that of a

saturated PN solution (791 mOsmol/Kg). No osmotic release occurs under these

conditions. The profile of drug release in 3% NaCl is due to the degradation of the
elastomer. The increase in the amount of the drug released into the PBS medium is due to
an osmotic effect, as the osmotic activity of the PBS medium (280 mOsmol/Kg) is lower
than that of saturated PN solution. Even more drug was released when the the medium

was deionized water.
The predominant mechanism of drug release was degradation with an additional
osmotic effect when the releasing medium had a lower osmolality than a saturated PN

solution. The osmotic effect when the releasing medium was PBS was more clearly seen
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in the tablet than the cylinder. This difference might be attributed to differences in the

surface area of the two devices.

One of the successful strategies utilized to maintain the stability and activity of
therapeutic proteins is to coformulate them with stabilizing agents such as trehalose and
‘mannitol.* Such a strategy would offer protection to the protein from aggregation. PN, as
a model for a protein drug, was formulated with trehalose to study the effect of this
osmotically active agent on the release rate. Two polymeric devices with tabular and
cylindrical geometries were loaded with a 1:1 ratio of trehalose and PN with a total

weight fraction of 10% w/w with a 100 um particle size.

Figures 4.8 and 4.9 show the release profiles from tabular and cylindrical devices
in PBS at pH = 7.4. The addition of the high osmotic excipient, trehalose, resulted in an
increased release rate in all phases. More than 50% was released in the initial burst,
within the first day, with the balance of the 85% total release being released within 5

days. The increase in the release of PN was greater in the tablet than the cylinder.
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Figure 4.8. Cumulative percent PN released from 10 % wiw loaded tablets of 100 um

particle size with or without trehalose in PBS medium at 37 °C.

—e—  PNRrehalose
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Figure 4.9. Cumulative percent PN released from 10 % wi/w loaded cylinders of 100 um
particle size with or without trehalose in PBS medium at 37 °C.




Based on the above observations, it is evident that the osmotic release mechanism
plays a role in the release kinetics of PN since the incorporation of the highly osmotic
release agent, trehalose, increased the amount of drug in the tabular device until all the
drug that was loaded was released. There was no significant additional release of drug in

the presence of trehalose in the cylinders.

Release of rhEND from the Elastomer Formed from POT-2: The above
experiments were carried out to establish the conditions for the release of END from the
elastomer. The main problem in the incorporation of proteins in a polymer delivery
device is the protein aggregation that oceurs during the loading step. Excipients were used

in the formulation to prevent such a problem.

Trehalose was shown to be a good stabilizer of proteins,”” and, as was shown

above, increased the release of a peptidomimetic drug from the el It d
that trehalose would act to stabilize END and increase the amount of END released from

the polymer.

Bovine serum albumin (BSA) was also shown to be a powerful lyoprotectant for
proteins. This effect is attributed o its role in the inhibition of the pH drop that occurs
during Iyophilization in a buffer and inhibition of the protein adsorption to the surface®
In addition, it would protect the protein from the acidic monomers formed from the
degraded polymer within the releasing medium. Therefore, Iyophilization in the presence

of trehalose and BSA would provide the best protection for END during the device
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preparation and the protection would extend during the release in the releasing medium.

In addition these two excipients would block the exposure of END to the generation of

free radicals in the soluti d to UV radiation during phe
w
i- Pid
i
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§
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Figure 4.10. Cumulative amount of thEND released from 10% w/w loaded slabs in PBS
‘medium from a slab at 37 °C detected using ELISA assay from stored frozen aliquots.
Values are mean # (standard deviation).

Figure 4.10 shows the release profile for thEND from a slab of the elastomer in
PBS. The slabs were used in this experiment instead of the tablets because of economic

considerations. The release profile consists of three distinct phases. The initial burst

release segment occurred during the first 9 hours of the release study and accounted for

30% of the release of END. This initial phase was followed by a slower, linear, constant,
and sustained release for 5 days and accounted for an additional 20% of the release of the

drug. Finally, the last release segment of the profile was attributed to polymer degradation
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and was extended for another week until the remainder of the drug particles were

released.

‘The release profile was distinctly different from that of PN. The difference might
be due to the presence of BSA or the geometry of the delivery system since the slabs were
smaller and thinner. Also, the two drugs were different, one was a peptidomimetic drug
and the other was a protein. Further experiments would need to be carried out to

determine the reasons for the differences.

4.5 CONCLUSIONS

A solvent free polymerization was carried out using a 1:1 ratio of L-tartaric and
1.8-octanediol to produce a polyester POT prepolymer. The acrylation reaction was
started by adding different ratios of ACRL to convert the terminal OH groups into

photosensitive vinyl termini. Higher amounts of ACRL used in the reaction resulted in an

increase in  the percentag ion with i pl o achieved

‘when 2 moles of ACRL were used to react with 1 mole of POT prepolymer.

A release study of PN (10% wiw loading) from monolithic tablets and cylinders of
the prepared photocured elastomers was carried out. The release profiles were divided
into three release phases in which the second linear release phase was a mix of osmotic
release and diffusion but mainly dominated by a degradation mechanism which was
obvious during the last phase of the release. The release profile was unchanged when PN

‘was co-formulated with trehalose, but more drug was released. Upon using this excipient,
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a larger fraction of PN was released during the initial burst phase, then the release became
linear until complete PN release was achieved. In this situation, osmotic release
contributed to drug release. Our results show that smaller particle sizes are released more
rapidly from photocured devices as compared to drug particles of larger sizes. In addition,
the osmolality of the releasing medium has an effect on the release rate, however,
geometrically different designs do not play a significant role on the relase of PN from

these two different devices.

The objective of this study was to use the photocured elastomer for the delivery of
END. The study demonstrated that the device has a potential to be utilized in delivery of
END in constant and sustained release fashion, but only for a short period of time.
Therefore, continuation of this work would be to extend the time period of release by
incorporation of hydrophobic oligomers to decrease the degradation rate of the polymer,

‘while maintaining the effect of the excipients on the activity and stability of END.

“This novel biodegradable clastomeric drug delivery vehicle can be considered a
potential drug delivery device for proteins other than END. Further studies concentrated
with END activity, conformational changes and possible denaturation and aggregation of

the END particulates are required.
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Chapter 5.

5.1 Summary

The main objective was to emphasize the need to design a new local delivery
system to produce a sustained release of END within the therapeutic window of the drug.
Initial steps towards this goal have been achieved by incorporating END with other
osmotic excipients as solid particles into a photocured elastomer which allowed the

protein to release at a controllable rate into a localized area.

Goal: The review of the literature focused on the evaluation of the different drug
delivery systems and the routes of administration for END, as a therapeutic protein for
cancer treatment. Long term, site localized and sustained release of END is a very
desirable goal in order to maximize the therapeutic outcome of the drug and at the same
time to minimize the side effects due to the exposure of the other body parts to the

inhibitory effect of this powerful angiogenesis inhibitor.

Thermal Preparation of Elastomers and Characterization: A solvent frec
polymerization of 1:1 L-tartaric acid and 1,8-octanediol to form a semicrystalline POT
prepolymer was carried out. The reactive prepolymer that was formed was thermally
crosslinked with different ratios of 2.2-bis(s-caprolactone-yl)-propane (BCP) using
stannous octanoate (SnOct) as a catalyst to prepare crosslinked elastomers. All the
polymer products were thermally, chemically, and mechanically characterized.

Accelerated in vitro degradation studies were conducted. These studies demonstrated a




-

direct correlation between the loss of mechanical properties with time, and confirmed that
bulk hydrolysis was the predominant mechanism of polymer degradation. As a final
observation, the elastomer crosslinking was traditionally performed under elevated
temperature, which is not feasible for most drugs and certainly not for protein drugs;
therefore, it was necessary to find a method that does not require high temperatures in the
preparation of the elastomer. It was decided o develop a non-thermal and photocuring

‘method to prepare a photo-crosslinked elastomer to be used for delivery of END.

: An

Photo-crosslinked Preparation of Elastomers and Drug Release Studi
aliphatic polyester prepolymer was synthesized via a polycondensation reaction of L-
tartaric acid with 1,8-octanediol to form a POT semicrystalline prepolymer. The purified
prepolymer was reacted stepwise with acryloyl chloride (ACRL) and the purified
acrylated poly(octanediol-tartarate) (APOT) prepolymer was then mixed with a UV
initiator and subjected to UV light to form the amorphous photocurable elastomer. For in
vitro release studies, PN powder of three different particle sizes was mixed with APOT to
achieve a 10% wiw (approximately a 14.4% vAv) loading. Lyophilized END with
trehalose and bovine serum albumin (BSA) was also mixed with APOT to achieve the
same volumetric loading. Preparcd devices were used to conduct release studies. The
release profiles showed that devices formulated with the same volumetric loading and
smaller drug particle size released drug more rapidly than the devices with a larger
particle size. It was also shown that osmotic release was a contributing mechanism
governing the linear release pattern of PN from the new POT elastomers. The study

demonstrated that the device has a potential to be utilized in the delivery of END or any
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other hydrophilic protein drug in a constant and sustained release fashion, but only for a
short period of time. Further modifications to the elastomer will be required to extend the
period of sustained release. Using different ratios of L-tartaric with 1,8-octanediol and/or
changing the photosensitive termini of the prepolymer may change the crosslinking
density. That may slow the degradation process and increase the period of the drug

release.
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