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ABSTRACT

POLY (PROPYLENE FUMARATE) - VINYL PHOSPHONIC ACID BASED DRUG
RELEASE SYSTEMS

Poly (propylene fumarate) (PPF) and vinyl phosphonic acid (VPA) based nanoparticles were
developed as drug delivery vehicles within the scope of this study. In addition, studies on
folic acid conjugation to PPF and the preparation of PPF-FA and VPA based nanoparticles
were also carried out due to folic acid’s known specificity against cancer cells. Thus, the
first PPF pre-polymer was synthesized polycondensation of fumaric acid and an excess of
propylene glycol then PPF was copolymerized with VPA in 70/30 weight ratio via UV mini-
emulsion polymerization to produce PPF/VPA nanoparticles. The highest gel content of 87.6
percent and particle formation in the 500 nm to 2000 nm size range were achieved under the
optimized reaction conditions using 3 weight percent BAPO initiator, 0.04 weight percent
TAA co-catalyst with 9 weight percent SDS surfactant applying 2 hours of UV cure with 10
minutes of homogenization time at 1000 rpm. The completion of the cure reaction was
confirmed via DSC analysis. Degradation profiles of the PPF/VPA particles in PBS buffer
solution (pH=7.4) showed that 88 to 98 percent of the particles degraded in 84 days
depending on the homogenization time, whereas the pH dropped from 7.4 to 2.9 to 3.3 at the
end of 89 days. PPF/VPA nanoparticles were also prepared in the presence of the model
anti-cancer drug Paclitaxel. Paclitaxel release from the PPF/VPA particles resulted the in
the linear and prolonged release which was degradation controlled. PPF-Folic Acid (PPF-
FA) conjugate was synthesized via the addition of FA to PPF pre-polymer in the presence
of dehydrant: dicyclo hexyl carbodiimide (DCC) and catalyst. 4-dimethyl amino pyridine
(DMAP). The PPF-FA pre-polymer was characterized via FT-IR and 'H-NMR
spectroscopy. UV mini emulsion polymerization of PPF-FA with VPA resulted in
microplate morphology with nanoparticles which showed variation with surfactant

concentration.
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OZET

POLI (PROPILEN FUMARAT) - VINIL FOSFONIK ASIT BAZLI ILAC SALIM
SISTEMLERI

Bu ¢alisma kapsaminda poli (propilen fumarat) (PPF) ve vinil fosfonik asit (VPA) bazl
nanopartikiiller gelistirilmistir. Ayrica folik asidin kanser hiicrelerine kars1 seciciligine
istinaden folik asidin PPF polimerine konjugasyonu ve PPF-FA ve VPA bazh
nanopartikiillerin gelistirilmesi calismalar1 da gerceklestirilmistir. Bu kapsamda, 6ncelikle
PPF pre-polimeri fumarik asit ve propilen glikoliin fazlasinin polikondenzasyon reaksiyonu
ile sentezlenmis, sonrasinda PPF/VPA nanopartikiillerini elde etmek iizere PPF polimeri
VPA ile 70/30 agirlik oraninda UV mini-emiilsiyon polimerizasyonu ile kopolimerize
edilmistir. En yiiksek yiizde 86,7 jel oran1 ve 500 ila 2000 nanometre araligindaki boyutlarda
partikiil olusumu, agirlik olarak yiizde 3 BAPO radikal baslaticisi, yiizde 0,04 ko-katalizor
TAA ve ylizde 9 SDS yiizey aktif madde kullanimi ile 1000 rpm hizda 10 dakika
homojenizasyon ve 2 saat UV Kkiir uygulanarak elde edilmistir. Kiir reaksiyonun
tamamlanmis oldugu DSC analizi ile konfirme edilmistir. PPF/VPA partikiillerinin, PBS
tampon ¢ozeltisindeki (pH=7.4) bozunma profilleri, uygulanan homojenizasyon siirelerine
bagli olarak partikiillerin ytlizde 88 ila 98’nin 84 giin i¢inde bozundugunu, pH’1n ise 89 giin
icerisinde 7.4’ten 2.9 ila 3.3 arasina diistiigiinii gostermistir. PPF/VPA nanopartikiilleri ayn
zamanda model anti-kanser ilac1 Paclitaxel varhiginda da hazirlanmistir. PPF/VPA
partikiillerinden Paclitaxel ila¢ salimi lineer, zamana yayilmis sekilde ve polimer bozunmasi
kontroliinde ger¢eklesmistir. Folik asit konjuge PPF (PPF-FA) sentezi, folik asidin PPF pre-
polimerine dehidrant: disiklo heksil karbodiimid (DCC) ve katalizor: 4-dimetil amino piridin
(DMAP) varliginda katilimi ile gerceklestirilmis olup, {iriin FT-IR ve 'H-NMR
spektroskopisi ile karakterize edilmistir. PPF-FA’nin VPA ile UV mini emiilsiyon
polimerizasyonu ylizey aktif madde konsentrasyonu ile etkilenen nanopartikiiller ile beraber

mikro tabakalarin olusumu ile sonu¢lanmustir.
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1. INTRODUCTION

Upcoming sections consist of theoretical information on polymers, a brief history of drug

delivery systems, and nanoparticle drug delivery systems.

1.1. POLYMERS

Polymers are types of compounds that consist of monomers. Monomers get chained together
to form a polymer. This reaction is called polymerization. Polymerization can happen
through chemical reactions. Various parameters at polymerization affect the polymer chain
length and reactivity which can cause different responses in different media. This property

of polymers found a lot of usage in pharmacology, oncology, and medical fields.

Polymers, due to their flexible chain length and their copolymerization ability with a variety
of monomers found a lot of use in medical fields. Biodegradability, flexibility, and bonding
capability make polymers a great candidate for medical agents. Polymers can be bonded to
other compounds which gives different responses to different media. These compounds can

have an affinity for specific areas of human cells.

1.2.  THE HISTORY OF DRUG DELIVERY SYSTEMS

Modern drug delivery methods try to deliver drugs to particular cells. While drugs get more
potent, selectivity becomes important. To protect healthy cells from apoptosis, drug
formulations have to be developed with selectivity. This selectivity can originate from
external conditions of cell media such as temperature [1], pH [2] or genetic ligands ,[3] and

ultrasound [4].

Modern drug delivery technology is only 60 years old [5]. Hee Yun et al. divided the drug
delivery history into two generations which first one is from 1950 to 1980 and the second

one from 1980 to 2010 as presented in Figure 1.1.



Year
1950 1980 2010 2040,
1st Generation 2nd Generation 3rd Generation
Basics of Controlled Smart Delivery Systems Modulated Delivery
Release Systems
Successful control of Inability to overcome Need to overcome both
physicochemical properties | biological barriers physicochemical and
of delivery systems biological barriers

Figure 1.1. Hee Yun et al. drug delivery generations [5]

Before 1950, all drugs had been administered orally, made to pill, or capsule formulations.
These drugs released their product in immediate contact with water. In 1952, Smith Klein
Beecham et al. introduced sustained release drug delivery that was able to control drug
release kinetics for 12 hours [6]. There were two different control techniques, which were

diffusion-controlled and dissolution-controlled.

A second-generation phase, researchers could not become successful mostly, as measured
by the number of clinical products produced. Very difficult formulations with different
approaches to delivery caused this. At the last periods of second generation, researchers
focused on tumor-targeted drug delivery using nanoparticles which is also investigated in
this thesis. Administration of drugs locally than systematically is a common way to increase
treatment’s impact while decreasing side effects and drug toxicity. Some medications must
be given systematically to achieve greater impact; especially in cancer drugs which

selectivity has been an issue [7].

Table 1.1. Routes of drug administration [§]

Routes of drug administration

Anal Route

Oral Route

Transdermal Route

Parenteral Route

Topical Route (Skin or mucous membranes)




While drug delivery systems can change through the chemical formulation of drugs, several
methods are used. Medications can be taken in by swallowing, intravenous injection,
inhalation, and absorption through the skin. Different routes of drug administration are
presented in Table 1.1. Drugs work by interacting with receptors on the surface of cells or
enzymes. To reach the target site, drugs mostly travel the blood stream. This causes toxicity
and side effects to humans [9], [10]. Every medication cannot be used with all delivery
methods. Current delivery method improvement and designing new methods can improve
the quality and variety of existing medications. For example, microneedles can be fabricated
to contain medicine, which is composed of arrays each far thinner than 90 um, with higher

surface area [11]. Microneedles and their differences are presented in Figure 1.2.
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Figure 1.2. Microneedles and their differences [12]

It can be said that drug formulation that can release its drug when it comes to targeting site
is the main goal of cancer research. There are several drugs that efficiently kill cancer cells
along with healthy cells (e.g., doxorubicin, paclitaxel) [2], [13]. In order to achieve
selectivity, most used technique is micro-nanoparticle delivery. These particles are very

sensitive to external conditions which make them great candidates for targeted delivery.

A search in the Web of Science using “drug delivery nanoparticle” results in 17090 results
during 1991-2019. Among these, 6090 of them are about targeted drug delivery. Tumor
targeted drug delivery is the main research among them. With the flexibility, shape changing
and controllability of nanoparticles, research wended to usage in targeted drug delivery.

Many of these systems showed good results in vitro and in vivo studies [10], [14]-[16].



Targeting occurs as nanoparticles circulate through the blood stream and by the external
conditions, they become active and release the drugs. Toxicity and side effects’ decrease are
advantages of nanoparticle drug delivery. Drug penetration can also be visualized with
various florescence agents (such as Riboflavin, Rhodamine) [3]. An example of a

nanoparticle mediated drug delivery is presented in Figure 1.3.
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Figure 1.3. Example of nanoparticle mediated drug delivery [17]

Nanoparticle based drug delivery systems are only in trial stage. For example, human’s
tumors have likely to be less in size than mice. These scale differences need to be considered

when animal models are used in analysis.

Nanoparticles can also be synthesized with different processes such as Stober process [18],
emulsion polymerization [19]-[22] or precipitation method [23][24][25]. Emulsion
polymerization can also be used for both copolymerization and nanoparticle formation.
Emulsion polymerization usually consists of hydrophobic polymers which generally forms
nanoparticles because of decreased surface tension between water-polymer surface. Stober
process is a chemical process that prepares silica particles of controllable and uniform size.
Modified Stober process can be used for the preparation of Fe;0, nanoparticles conjugated

with the Rhodamine B [18].



Small scale drug delivery systems include liposomes, other lipid- based carriers such as
micelles, lipid emulsions and lipid-drug complexes. These can be used to improve efficiency
and selectivity of conventional drugs. Basic structure of liposomes is presented in Figure

1.4.

(A) Conventional liposome (B) PEGylated liposome
Hyvdrophobic drug :

Genetic material
i.e. DNAor RNA
or siRNA

Polyethylene Glycol
(PEG)
Hydrophilic drug

Phospholipid i.e.
anionic or cationic
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/ d ( i ( ? €—— Peptide
Targeting Tligand .
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f& ¥ €——— Carbohydrate
(D) Multifunctional liposome i.e. (C) Ligand targeted liposome

theranostic liposome

Figure 1.4. Basic structure of liposomes PEGylated liposomes contains a layer of
polyethylene glycol (A), targeted liposomes contain specific target ligand (B), (C)

multifunctional such as theragnostic liposomes which can be used for solid tumors (D) [26]

1.3. NANOPARTICLE DRUG DELIVERY SYSTEMS

Last century was the birth of Nanotechnology. “Nanotechnology” was first introduced by
Richard P. Feynman: a Nobel laureate during his famous lecture in 1959 “‘There’s Plenty of
Room at the Bottom”. There have been various groundbreaking developments in the field of
nanotechnology since then [27]. Nanotechnology had been an area which was exclusively
investigated in literature in 1981, with the development of Scanning Electron Microscope.
Nanotechnology was then used extensively to develop cancer drugs and their efficiency.

There can be liposome-based nanoparticles and polymer-based particles as drug carriers. In



this study, poly (propylene fumarate)-based nanoparticles were investigated for their
potential use as anti-cancer drug delivery agents. Due to poly (propylene fumarate)’s
hydrophobic and biocompatible nature, high drug encapsulating and drug delivery efficiency

in human body can be achieved.

Transcutaneous drug delivery is limited to patient’s skin or other surface tissue
administration. In this way, delivery is relatively inefficient because of non-selective
administration [28]. Additionally, drug can be picked up by capillaries and carried beyond
the diseased or damaged area. Because of these reasons, transcutaneous drug delivery is not
always appropriate when especially drug is very toxic or burdensomely expensive. Oral
administration, injection, and intravenous administration are systemic, which means that
these methods use blood stream to effect damaged or diseased area. These methods have lots
of shortcomings. The main reason is that the systemic drug delivery fails to concentrate drug
on the damaged area, it has no selectivity. Drug also effects areas that do not need
medication. As a result, drug dosage is increased adding expense to treatment and causing
harmful side effects. So, there is a need of selective drug delivery systems which can be used

especially with very toxic drugs. Different type of nanoparticles is presented in Figure 1.5.

a Polymer

€ Gold Nanoparticles f Micelles g Carbon nanotubes h_Quantum dots

Figure 1.5. Nanoparticle Types [29]

Nanoparticles have the ability of reducing toxicity and side effects of potent drugs. With the
targeting ability and flexibility, it is a great candidate for the tumor targeting and drug

delivery. For example, polysaccharide (starch or dextran)-coated iron oxide nanoparticles



have been employed in biomedicine for decades as agents for parenteral anemia therapy,
magnetic resonance contrast, cancer hyperthermia, medication administration, and, most
recently, triggering ferroptosis in cancer cells. [30]. Nanoparticles can unload their drugs
with various external conditions. External factors such as magnetism, pH, temperature can

affect the nanoparticle to release its drugs (Figure 2).

Controllable and precise synthesis of nanoparticle assemblies can be achieved with tuning
interparticle interactions and modifying assembly strategies [31]. In polymer nanoparticles,
especially with copolymers, interactions and assembly are mostly determined by
stoichiometry of the polymers. Polymer composition can affect the viscosity and
nanoparticle formation. Polymers are in use for the nanoparticle synthesis because of these
properties. In this study, PPF prepolymer will be copolymerized with VPA (that may behave
differently in different pH mediums) and Folic acid conjugated PPF will also be
copolymerized with VPA to produce nanoparticles that are expected to be selective towards

cancer and tumor cells.

Nanoparticles can also be directed to the needed place in a variety of ways. As listed below

[31];

e Electrically powered motion

e Magnetism driven motion

e External force-driven motion

e Photoinduced motion

e Shape memory-induced motion
e Self-healing properties

e Self-replication properties

A description of magnetic nanoparticle drug delivery is presented in Figure 1.6.
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Figure 1.6. Magnetic nanoparticle drug delivery [32]

Nanoparticles can also be dynamic. They can explode, break, form bonds, and reform under
the influence of other external stimuli. These are called living nanoparticles. They can reform

their bonds, because of their reversible bonds or interaction ability [31].

1.3.1. Ligands for Tumors

Tumor cells are investigated for cell targeting. There are many developed ligands for tumors,
including aptamers, folic acid, antibodies, and peptides [33] [34]. Folic acid is a great
candidate for targeting because of high folate intake of cancer cells. Folic acid enters cells
by attaching to folic acid receptors on the cellular membrane, which are overexpressed in

human cancer cells. In Figure 1.7, mechanism of folic acid intake of cancer cells can be seen.



_ FA receptors

Figure 1.7. Visual representation of tumor cells folate intake [3]

Folic acid deficiency can be linked to megaloblastic anemia, neural tube defects in the
neonate and heart disease. There are two principal mechanisms whereby folate is thought to

modulate DNA stability and cancer.

Folic acid can be used in order to release drugs in specific media. In this study, folic acid is
used for appealing tumor cells because of higher folate intake. As shown in Figure 1.7, tumor
cells have higher concentration of folate ligands. It can be said that this mechanism can be
used in order to get past cancer cell’s wall. With drug activation, cancer cells can get to
apoptosis phase. Due to this property, folic acid is used extensively for tumor cell research
[10], [13]-[15], [35]. Venkatasubba et al. [36]designed and produced folic acid conjugated
PEG nanoparticles [36]. Venkatasubba et al. characterized the folic acid conjugation with
UV-visible spectroscopy, which a red shift in the spectra is enough for the characterization
of bonding. The hydroxyl groups in the PEG are ideal candidate for the bonding to the folic
acid. Also, the drug loading capacity and mixing time relationship was investigated. Drug
loading capacity increased as the mixing time increased. At the case of PEG nanoparticles,
maximum drug loading of 50 percent for 3 hours’ mixing time which stayed constant was

achieved.

1.3.2. Anti-cancer Drugs

In cancer treatments, Paclitaxel and Doxorubicin are two drugs that are commonly used. In

this study, Paclitaxel was used as a model anti-cancer drug. It causes apoptosis in cells by
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promoting tubulin dimer polymerization to create microtubules and stabilizing microtubules
by blocking depolymerization. Initially, hypersensitivity reactions were a concern with
Paclitaxel administration, but modern dosing regimens have lowered the occurrence of these
events to less than 5 percent. Paclitaxel's major dose-limiting side effects include leucopenia
(neutropenia) and peripheral neuropathy. In order to prevent hypersensitivity and side effects
of the drugs, time delayed and controlled release can be crucial, thus PPF/VPA nanoparticles
which biodegrade over time to nontoxic species were prepared and investigated as Paclitaxel
delivery agents. In addition, preliminary studies on folic acid conjugated PPF/VPA
nanoparticles synthesis were also carried out. Although several aspects of Paclitaxel use
remain to be clarified, including optimal dosage and infusion time, release from polymeric
nanoparticles can provide a stable and selective release. The chemical structure of Paclitaxel

is presented in Figure 1.8.

Empirical formula: C4;H5;NO,
Molecular weight: 853.9 g/mol
Average mass: 853.9 Da

Systemic name: (2, 53,73, 103, 13ax)
4,10-Diacetoxy-13-{[(2R, 3S)-3-
(benzoylamino)-2-hydroxy-3-

phenylpropanoyl]oxy}-1,7-

dihydroxy-9-oxo0-5,20-epoxytax-11-

en-2-yl benzoate

Figure 1.8. Paclitaxel chemical structure [19]

1.3.3.  Encapsulation Effectivity

Nanoparticles must encapsulate the matter inside it effectively to ensure that no accidental
leakages happen. Encapsulation of a drug generally expressed as percent drug loading
capacity; weight percent of drug loaded per unit weight of drug delivery system. For most
carrier systems, the drug loading capacity fluctuates between 5 percent-25 percent [37].

However, it can be changed with the solution and formulation.
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According to reports, high capacities range from 10% to 60% [38]. The amine functionality
of doxorubicin was coupled with the carboxylic acid functioning of PEG, and the amine
functionality of the PEG was coupled with a targeted folic acid moiety by NHS/DCC
coupling in a similar study [38]. Micellar assembly is enabled by the hydrophilic-lipophilic

balance of this system.

There is a misconception that micelles and particles are the same concept. Micelles are
amphiphilic colloidal structures which contain both hydrophilic and lipophilic properties,
while nanoparticles are tiny particles which can be formed via both hydrophobic and

lipophobic chemicals.

1.4. POLYMERIC DRUG DELIVERY SYSTEMS

Polymers are used in the drug delivery systems [11], [38], [39] due to their different
characteristics. Poly(Propylene Fumarate) [38], [40], [41] and Poly(Lactic-co-Glycolic
Acid) [39], [42], [43], Poly (Lactic Acid) [40], [44], [45], Poly (Ethylene Glycol) [3], [46]—
[48], Poly (Caprolactone) [46], [49], [50] are the most used polymers in the drug delivery
systems because of their biodegradability and biocompatibility. Poly (Caprolactone) used
for fast degradation profile [51], tissue engineering scaffolds [50] and controlled release
[52]. Poly (Lactic Acid) (PLA) used for parenteral administration [44], ophthalmic drug
delivery [53] and for treatment of liver cancer [54] and PLA have many other applications.
Poly (Ethylene Glycol) have been used for selective drug delivery [47], for multi-targeting
[55] and orthopedic tissue engineering [56]. PPF used for bone filler [57], bone cement [58]
and have other usage areas. Although, polymers usage areas were given as summary,

polymers have many other usage areas.
Polymers have drug delivery advantages such as (Figure 1.9):

1. They are stable at high concentrations of surfactant. Since polymers and copolymers
have higher molecular weight than other molecules, the dissociation with dilution usually
takes longer time than other nanoparticles.

2. When their corona contains PEO (poly (ethylene oxide)) chains, the nanoparticles are

able to circulate in blood stream without recognized or cleared.
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3. The simple action of micelles allows hydrophobic medicines to be easily integrated into

copolymeric micelles. Physical entrapment is a simple and effective method [4].

(a)

(b)

(€)

Liquid core

Polymeric membrane

Polymer matrix

Polymeric membrane

Liquid core
Polymeric membrane

Active substance in
molecular state

Figure 1.9. Different nano capsular structures A) Liquid core, B) Polymer matrix C)

Active substance in molecular dispersion [59]

Polymers are especially used for nanoparticle formation with the drug substance [17], [53],

[60]. Their subcellular size and different bonded compounds (such as Folic acid, riboflavin

conjugates) can react with the cell ligands and create a selectivity towards particular cell

types. Nanoparticles which generally have drug substance confined in a cavity consist of an
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inner liquid core or polymer matrix and a polymeric membrane on the outer shell as depicted

in Figure 1.9. Generally, there are 6 methods to produce nanoparticles.

e Nanoprecipitation

e Emulsion-Diffusion

e Double Emulsification

¢ Emulsion-Coacervation

e Emulsion-Polymerization
e Polymer-Coating

e Layer-by-layer

Composites of thermally sensitive hydrogels and optically active nanoparticles are widely
used for drug delivery systems. Sershen et al. [61] produced N-isopropylacrylamide
(NIPAAm) and acrylamide (AAm) copolymers conjugated with the gold-gold sulfide nano
shells. Copolymer of NIPAAm-co-AAm exhibited critical solution temperature which was
slightly above body temperature. When the temperature of shells exceeded the critical

solution temperature, it collapsed and released its drugs to medium.

Pechar et al. [62] have created a biodegradable PEO (polyethylene oxide) block copolymer
connected by oligopeptides with amino end groups. To react diamine with poly (ethylene
glycol) bis, they employed an interfacial polycondensation process (succinimidyl
carbonate). Doxorubicin (Dox) was connected to the drug carrier by a (Gly-Phe-Leu-Gly)
tetrapeptide spacer, which was hydrolyzed by enzymes in the body. Dox that was polymer-
bound was able to slow tumor development and lessen drug toxicity. However, their method
included complicated synthesis stages, extensive purification procedures, and chemical

(rather than ultrasonic) drug release at the target region [62].

Polymers that have one or more blocks of homopolymer which grafted as branches onto a
main chain, called “Graft Polymers” [63]. Graft polymers can have both hydrophilic and
hydrophobic character. Polymers such as poly (ethylene oxide) (PEO) and hydrophobic
blocks of poly (propylene oxide) (PPO), poly (lactic acid) (PLA), or other biocompatible
and hydrophobic polyethers or polyesters can be used in drug delivery, these polymers can
be used in the form of diblock, triblock or are even more complex structures [64]. One of

the most used copolymers is an ABA block copolymer, PEO-PPO-PEO structure with trade
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names of Pluronic® and Poloxamer™. The chemical structure of Poloxamer is shown in

Figure 1.10.

Finally, to sum up, schematic illustrations of various nanoparticles that may be used in

enhanced drug delivery systems are presented in Figure 1.11.
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Figure 1.10. Poloxamer 188 structure [65]

Aqueous

Interior

Figure 1.11. Illustrations of nanoparticles that could be utilized in a variety of medication
delivery systems. (a) Non-polymeric micelle with amphiphilic surfactants. (b) Polymer
micelle with amphiphilic block copolymers. (c) Nano emulsion with a hydrophobic liquid
core which is stabilized by surfactant. (d) Nanoparticles in crystalline form (e)
Amorphous polymer nanoparticle. (f) Condensed ionic oligomers (g) Liposome with an

amphiphilic bilayer around an aqueous core [4]
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2. THEORITICAL BACKGROUND

2.1. POLY (PROPYLENE FUMARATE), DRUG DELIVERY AND BONE
TISSUE ENGINEERING APPLICATIONS

2.1.1. Drug Delivery

Due to its flexibility and copolymerization ability, PPF has attracted attention for drug
delivery formulations. All polymers, especially with high molecular weight and
biocompatibility have been used for many drug formulations for a long time [9], [11], [39],
[60], [66], [67]. As in this study, PPF will be used to synthesize nanoparticles and the use of
these particles as anti-cancer drug delivery agents will be explored, examples of works on

PPF drug delivery systems will be presented under this section.

Anti-cancer drugs can be coated with the polymers for efficient apoptosis while recovering
the healthy cells. PPF offers good release profile and strength under in vitro conditions. Also,
its degradability can be controlled via adjusting the fabrication parameters such as photo
initiator concentration. However, the direct incorporation of water-soluble drugs to PPF is
challenging due to its hydrophobicity. Choi et al. [68] utilized the PPF nanoparticles with
the coating of Doxorubicin, iron oxide which was used for imaging with Magnetic
Resonance Imaging (MRI). Using of PPF resulted in a stable release profile of Doxorubicin

after 2 hours. Figure 2.1 shows the Release Profile of DOX.
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Figure 2.1. Release profile of DOX. Red circles indicate results of Magnetic Resonance

Imaging (MRI), and black hyphen symbol means BSA assay [68]
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In another study, Ueda et al. [69] synthesized fluocinolone acetonide loaded PPF matrix.
The release profiles were investigated for 62 weeks. Figure 2.2 shows the release profiles

which reach up to 100 percent release of the fluocinolone acetonide.
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Figure 2.2. The release profiles of fluocinolone acetonide loaded PPF Matrix [69] (F1:
(%w/w) 50 PPF, 5 Fluocinolone Acetonide, 45 N-Methyl-2-pyrrolidone. F2: (%ow/w)
50 PPF, 2.5 Fluocinolone Acetonide, 47,5 N-Methyl-2-pyrrolidone. F3: (%w/w) 25
PPF, 2,5 Fluocinolone Acetonide, 72,5 N-Methyl-2-pyrrolidone. F4: (%w/w) 50 PPF, 5
Fluocinolone Acetonide, 44,5 N-Methyl-2-pyrrolidone, 0,5 BAPO)

Kempen at al. [42] synthesized poly (propylene fumarate)/poly (lactic-co-glycolic acid)
(PPF/PLGA) blend microspheres were investigated for release kinetics by Texas Red
Dextran (TRD). Figure 2.3 shows the TRD release from poly (propylene fumarate)/poly
(lactic-co-glycolic acid) (PPF/PLGA) blend microspheres.
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Figure 2.3. Cumulative TRD Release of poly (propylene fumarate)/poly (lactic-co-
glycolic acid) (PPF/PLGA) blend microspheres

Array with 25 PPF microneedles were fabricated with multi-material micro
stereolithography (uSL) by Lu et al. [70]. Lu et al. used Diethyl Fumarate in order to control
the viscosity and improve the mechanical properties. In this study, VPA were used in order

to create time delayed controlled drug release profile.

Hacker et al. [71] photo crosslinked the PPF/ poly (N-vinyl pyrrolidone) matrix for sustained
ophthalmic 3 different drug delivery system. Drugs were different in molecular weight which
greatly effects the release. PPF/ poly (N-vinyl pyrrolidone) matrix released the drugs with

initial burst which became linear for an average of 250 days.

2.1.2. Bone Tissue Engineering Applications

PPF, due to its reduced toxicity, biocompatibility and biodegradability can be used for bone

tissue engineering too [72].

The global incidence of bone illnesses and ailments has risen sharply in recent years and is

anticipated to double by 2020, particularly in populations where aging is accompanied by
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increased obesity and insufficient physical activity [73]. Limited supply of bone graft
resulted in the research about engineered bone grafts and scaffolds. Bone tissue engineering
aims to induce new functional, biocompatible, biodegradable materials for the scaffolding
and supporting of the new bone formation. Bone scaffolds significantly reduce the time
needed to recover whole bone. Scaffolds to bone tissue can be made with 3D printers, salt
leaching etc. There are also chemical formulations and chemical reactions that can be used

to prepare scaffolds.

Bone tissue engineering has numerous scaffolds [11]. Scaffolds are used for treating skeletal
injuries, traumas, total joint arthroplasties, and trabecular voids. There are two different bone
grafts: natural bone grafts (autographs) or allographs (from a donor). Autographs are
preferred however, these are limited and collecting of it creates secondary wound site.
Furthermore, allographs have the disadvantage of being rejected by the tissue. So, synthetic
scaffolds can be used as an alternative. Metals, ceramics, and polymers can be used for

scaffolds. SEM image of a polymeric scaffold is presented in Figure 2.4.

LEI 5.0kV X800 WD 8.4mm 10um

Figure 2.4. SEM image of a polymeric scaffold [74]
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Scaffold material must be non-toxic, biodegradable and should cause minimal inflammation.
Poly (propylene fumarate) (PPF) is a promising material for the engineering scaffolds.
Biodegradation to its core compounds (fumaric acid and propylene glycol) is the main
advantage of this polymer. Hydrolysis of the ester bond causes biodegradation with time
[72]. Propylene glycol is quickly resorbed and eliminated by the human body, and fumaric
acid is used during the Krebs cycle. In addition, PPF polymer can be cross-linked with
various vinyl monomers to produce a network structure that can exhibit similar mechanical

properties to those of bone [72].

2.2. MINI EMULSION POLYMERIZATION

Mini emulsion polymerization occurs with emulsification of hydrophobic polymer chain.
When free radicals start to form by water or oil initiators, polymerization starts. Overall
reaction rate is controlled from the rate determining step, which is radical polymerization

step [21]. There are.

1. Conventional Emulsion Polymerization: in which a hydrophobic polymer chain is

emulsified in water and polymerization is initiated with a water-soluble initiator.

2. Inverse Emulsion Polymerization: where organic solvents of very low polarity such
as paraffin or xylene is used as a polymerization media to emulsify hydrophobic

monomers.

3. Mini Emulsion Polymerization: this polymerization is characterized as monomers
form droplets which have 50-1000 nm diameter. In this polymerization method, the
critical micelle concentration is bigger than surfactant concentration. The mechanism

of miniemulsion polymerization is presented in Figure 2.5.

4. Microemulsion Polymerization; this type of emulsion polymerization is

characterized by smaller particles which have diameters of 10-50 nm.

Every polymerization type shows different reaction rates, reaction steps and kinetics [75],

[76].
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The main components of emulsion polymerization are monomers, dispersing medium,
emulsifier, and water-soluble initiator. Radical polymerization occurs when a UV light is

projected into solution of emulsion. There are three steps for this reaction.

e [Initiation
e Propagation

e Termination

Initiation occurs when free radicals are formed with the UV light energy. Propagation is the
repetitive operation in which polymer chain gets taller and branched or cross-linked. Finally,
termination occurs when another free radical, left over from the original splitting of the
initiator, meets the end of the growing chain which ends the polymerization process for that

chain. There must be greater energy to start polymerization again [77].

In this study, to entrap Paclitaxel drug inside the PPF/VPA copolymer with a mainly
hydrophobic PPF component (70wt%) to form nano-(micro-) particles, mini emulsion
polymerization method was used. PPF prepolymer and VPA were used as the macromer
and the monomer respectively in water as the dispersing medium, with sodium dodecyl
sulfate (SDS) as the emulsifier, phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO)
as the initiator and titanium acetyl acetonate as the catalyst. Preliminary studies on the mini-
emulsion polymerization of PPF-FA with VPA were also performed under similar reaction

conditions.
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Figure 2.5. Mini emulsion polymerization mechanism [21]
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2.2.1. Components of Emulsion Polymerization

2.2.1.1. Initiators

Initiators start to form radical compounds by thermal decomposition, UV radiation or redox

reactions. There are two different initiators;

1. Water soluble initiators e.g. (2,2-Azobis(2-amidinopropane) dihydrochloride etc.)
2. Partially water-soluble peroxides e.g. (t-butyl hydroperoxide etc.)

3. Redox systems e.g. (persulfate with ferrous ion etc.)
2.2.1.2. Surfactants

Surfactants are type of compounds that have both hydrophobic and hydrophilic side. They
act as a glue between different media by making bonds with them. The hydrophobic tail can

be hydrocarbon, fluorocarbon, or siloxane.

Because the hydrophobic tails of surfactants are often similar, they are usually classed by
their polar head. In the case of emulsion polymerization, they act by decreasing interfacial
tension between monomer and aqueous phase, stabilize the micelles and particles. Particle
number can be increased, and particle size can be decreased by surfactant concentration

increment.

Surfactant concentration above which, micelles can be formed is called Critical Micelle
Concentration (CMC). There are 3 types of surfactants which are classified according to

their polar heads;

1. Anionic surfactants e.g. (fatty acid soaps (sodium or potassium stearate, laurate,
palmitate), etc.)

2. Nonionic surfactants e.g. (poly (ethylene oxide), etc.)

3. Cationic surfactants e.g. (Cationic surfactants such as dodecyl ammonium chloride

and cetyltrimethylammonium bromide)

Also, polymerizable surfactants can be used to produce micelles. The influence of the
molecular structure on the characteristics and application of the end products has been
studied using a variety of polymerizable surfactants, including cationic [41], anionic [42]

and nonionic [43].
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Kriwet et al. [78] fabricated Poly (Acrylic acid) nano and microparticles for hydrophilic drug
entrapment. Poly (Acrylic acid) nano and microparticles were fabricated with the emulsion
polymerization technique. Also, Abeylath et al. [79] prepared new and simple route for
glycosylated polyacrylate nanoparticle synthesis. They achieved average particle size of 40

nm by radical-initiated emulsion polymerization.

2.2.1.3. Dispersion Medium

Water is frequently used for dispersion medium in emulsion polymerization.
2.2.1.4. Monomer

Monomers are type of compounds that form polymers when bonded together. Monomers
can be reacted to form long chains of polymer. Depending on monomer solubility in aqueous

phase, there are three categories which are;

1. Monomers that have high solubility [80]
2. Monomers that have medium solubility [81]

3. Monomers that is insoluble in aqueous phase [82].
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3. MATERIALS AND METHODS

In this section, materials used in the synthesis of the PPF and PPF-FA pre-polymers and in
preparation of PPF/VPA microparticles will be presented first and then brief theoretical

information on the methods used in characterization of these polymers will be given.

3.1. MATERIALS

3.1.1. Materials used in PPF, PPF-FA and PPF Nanoparticle Synthesis

Materials used in PPF, PPF-FA synthesis and in PPF/VPA UV mini emulsion
polymerization are listed in Table 3.1, Table 3.2 and Table 3.3 respectively.

Table 3.1. Materials used in PPF Synthesis

Material Name Chemical Formula | Purity Supplier
Propylene Glycol C3HsO2 >99.5% Sigma Aldrich
Fumaric Acid C4H404 >99% Sigma Aldrich
P-toluene C7Hs03S >98.5% Sigma Aldrich
Sulphonic Acid

Hydroquinone CsHeO2 >99% Sigma Aldrich
Methanol CH;0H >99.7% Sigma Aldrich
Diethyl Ether (C2H5)20 >99.8% Sigma Aldrich
Calcium Chloride | CaClz >99.5% Sigma Aldrich




Table 3.2. Materials used in PPF-FA Synthesis
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pyridine

Material Name Chemical Formula | Purity Supplier
Folic Acid C19H19N706 >97% Sigma Aldrich
N,N —dicyclohexyl | Ci3H22N» (DCC, >99%) Sigma Aldrich
carbodiimide

4-(dimethyl amino) | C7HioN2 (DMAP, >99%) Sigma Aldrich

Table 3.3. Materials used in PPF/VPA and PPF-FA/VPA UV mini emulsion

polymerization

Material Name Chemical Formula Purity Supplier
Vinyl C2Hs03P 90% MERCK
Phosphonic Acid

Titanium  Acetyl | C20H3205Ti (T1,9-10.5% Sigma Aldrich
Acetonate gravimetric)

BAPO (CH3)3C¢H2CO12P(O)CeHs | 97% Sigma Aldrich
Sodium  Dodecyl | NaCi2H25S04 <=100 % MERCK
Sulfate

Water H>O 100%

Dichloromethane CH:Ch >99.8% Sigma Aldrich
Paclitaxel C47H51NO114 >99.8% Sigma Aldrich

3.1.1.1. Vinyl Phosphonic Acid

Vinyl phosphonic acid (VPA) (Figure 3.1) is a colorless-yellow liquid which is odorless.

It is soluble in water and most organic solvents such as acetonitrile, acetone, 2-butanone.

Due to the existence of both lipophilic and hydrophilic functions in one molecule, VPA's

polymers and co-polymers have properties in a variety of applications, including emulsion
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polymerization. These products are utilized in sectors such as coatings, corrosion
prevention, lithography (printing plates, off-set printing), metal treatment, dental care,
pigment dispersion, cement additives, flame retardants, and fuel cells to improve material

qualities and surfaces. [83].

O
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Figure 3.1. VPA chemical structure [84]

3.1.1.2. Phenyl-bis (2,4,6-trimethylbenzoyl) Phosphine Oxide (BAPO)

BAPO has the ability to produce radicals that can start polymerization at the exposure to
Ultraviolet light. BAPO can be activated between 325-465 nm wavelength [85] which can
penetrate deep into layers of coatings or polymers and produce radicals that start the

polymerization. Figure 3.2 shows the BAPO chemical structure.

HaC CHs HsC CHg
&
P

HsC O O CHs

Figure 3.2. BAPO chemical structure [86]

3.1.1.3. Sodium Dodecyl Sulfate (SDS)

The molecule sodium dodecyl sulfate (Sodium laurate sulfate) has the chemical formula
CH3(CH2)11SO4Na. An anionic surfactant, sodium dodecyl sulfate is widely found in

cleaning solutions. The lengthy hydrocarbon tail attached to the polar head group of sodium
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dodecyl sulfate affords the chemical amphiphilic characteristics. This feature allows it to be

used in detergents.

SDS (or SLS) can be used as a surfactant for emulsion polymerization. It is a surfactant
which decreases the surface tension between polymer and water interface, which helps the
emulsion polymerization and formation of nanoparticles. In Figure 3.3 SDS chemical

structure can be seen.

Figure 3.3. SDS chemical structure [87]

3.1.1.4. Paclitaxel

Paclitaxel is an anti-cancer (tumor) drug. Paclitaxel is classified as a "plant alkaloid," a
"taxane" and an "antimicrotubular agent." [88]. Taxol is the brand name for it. Hair loss,
bone marrow suppression, numbness, allergic responses, muscle pains, and diarrhea are all
side effects of this parenteral medication. Microtubules are disrupted during cell division,

which is how it operates [89].

It was first isolated from the Pacific Yew in 1971 and approved for medical use in 1993.
Paclitaxel works as effecting the tubulin protein. Paclitaxel effected cells have defects in cell
division. Paclitaxel prevents the microtubule polymer from disintegration by stabilizing it in
the cell. Metaphase spindle conformation is not achieved by chromosomes. This stops
mitosis from progressing, and prolonged activation of the mitotic checkpoint causes
apoptosis. Figure 3.4 shows the Paclitaxel chemical structure and interaction with a and 3

microtubules.
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Figure 3.4. Paclitaxel between complexes of «, § tubulin subunits.

3.1.1.5. Folic Acid

Folic acid is a chemical that is in the class of Vitamin B. It is converted to the folate by the
human metabolism [90]. Figure 3.5 shows the folic acid chemical structure. It is needed for

the healthy development of fetus, nucleic acid synthesis and growth.
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Figure 3.5. Folic acid chemical structure [90]

Folate receptors are overexpressed in tumor cells [91]. The receptor has been identified as a
tumor marker, especially in ovarian carcinomas. Folic acid metabolizes to folate within the
human body. Structure difference between folic acid and folate can be seen at Figure 3.7. In
this study, folic acid was used for this property. The conjugation of folic acid to the drugs or
drug carriers, can make drugs more potent and selective to tumoral cells. Thus, in this study,
in addition to the preparation of PPF/VPA microparticles via UV miniemulsion
polymerization as drug delivery agents, preliminary studies on conjugation of folic acid to
the PPF-prepolymer and the UV-miniemulsion polymerization of the PPF-FA pre-polymer

with VPA to produce microparticles were also carried out.

3.2. METHODS

3.2.1. Differential Scanning Calorimetry (DSC)

Enthalpy is measured using Differential Scanning Calorimetry (DSC) in relation to
temperature and time. DSC is most commonly used to investigate phase transitions such as

melting, glass transitions, and exothermic decompositions. These transitions necessitate
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changes in energy or heat capacity, which may be measured with excellent sensitivity using

DSC.

DSC works with a reference sample. Temperature difference between reference sample and
real sample gives the thermogram, which can be interpreted as melting, crystallization, and
other various phase transitions [92]. In Figure 3.6, the typical thermogram and working

principle of DSC can be seen.
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Figure 3.6. A) Working principle of DSC [93] B) A typical thermogram [94]

3.2.2.  Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a device that uses a focused beam of electrons
to scan the surface of a sample and make photographs of it. Atoms interact with the beam in
diverse ways, providing information on the sample's surface topography and composition.
This requires a secondary electron detector which is amplified during the imaging. In Figure

3.7, SEM working principle can be seen.
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Figure 3.7. Working principle of scanning electron microscope [95]

SEM consists of an electron source which sends electrons to anode. Electron source is a
heated filament which releases electrons. Electrons are collimated into a beam by an
aperture. Secondary electrons (SE) reflected or back-scattered electrons (BSE),
characteristic X-rays and light (cathodoluminescence) (CL), absorbed current (specimen

current), and transmitted electrons are some of the signals that can be produced.

Electron beam is focused to the sample with condenser lenses. Focused electron beam is

reflected back from the sample and a detector detects the signals and interpret them as height.
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3.23.  Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) is a technique that separates the solution components
relative to their size. It is used generally for polymers. Polymers can be characterized
according to their average molecular weights and polydispersity index. These all can be

calculated via GPC [96].

Porous beads placed in a column are used to separate analytes based on their size. The
method of operation is based on the fact that smaller molecules may enter pores more easily
and spend more time in them, increasing their retention time. As a result, these smaller
molecules will spend more time in the column and elute later. Larger molecules, on the other
hand, spend less time in the pores and are eluted more quickly. The molecular weights that

various columns can separate are varied.

The porous beads within a column have different pore size. This provides measurement of
weight difference between samples. Detection time and peaks are reference for the molecular

weight of the sample.

3.24. Fourier Transform Infrared Spectroscopy (FT-IR)

The method of obtaining an infrared spectrum of absorption or emission of a solid, liquid,
or gas is known as Fourier-transform infrared spectroscopy (FT-IR). The FT-IR
spectrometer obtains high-resolution spectral data over a large spectral range at the same
time (400cm™- 4000cm™).In this method a mathematical process: Fourier transform is
required to convert the raw data into the actual spectrum. FT-IR spectroscopy is used to

detect different functional groups in PHB.
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3.2.5. Proton Nuclear Magnetic Resonance ("H-NMR) Spectroscopy

This method applies nuclear magnetic resonance with respect to proton (Hydrogen-1) within

the molecules [97]. This technique can characterize the chemical structure of molecules.

Nuclei in a strong constant magnetic field are agitated by a weak oscillating magnetic field
(in the near field) and respond by creating an electromagnetic signal with a frequency

characteristic of the magnetic field at the nucleus.

A "H-NMR spectrometer produces graphs with signal intensity versus chemical shift. Graph
can be interpreted from difference on chemical shifts. The exact value of chemical shift is
determined by molecule structure, solvent, temperature, magnetic field used to record the

spectrum, and other functional groups in the vicinity.

To produce 'H-NMR spectrum, usually deuterated solvents are used. This deuterated

solvent also has its characteristic peak due to the proton residues.

3.2.6. High Performance Liquid Chromatography (HPLC)

HPLC is a high-performance version of thin layer chromatography. It relies on passing liquid
solution through solid absorbent material. Solid absorbent material passes different
molecules with different retention times. With retention time and the peak area, solution

composition can be interpreted. In Figure 3.8, HPLC working principle can be seen.
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Figure 3.8. Working principle of HPLC [98]
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4. EXPERIMENTAL

4.1. SYNTHESIS OF PPF

The traditional synthesis method for the production of PPF utilizes a step growth
polymerization of either fumaric acid [72] or diethyl fumarate [99] with propylene glycol
(Figure 4.1). In this study, fumaric acid was reacted with an excess of propylene glycol in
the presence of p-toluene sulfonic acid as the catalyst and hydroquinone as the radical
inhibitor to produce a hydroxyl terminated PPF pre-polymer. Sandarson devised an alternate
PPF synthesis process that involved the transesterification of diethyl fumarate and propylene
glycol at 250 °C with p-toluene sulfonic acid as the catalyst. Poly(propylene fumarate) diol
was synthesized using this approach, with Mn values ranging from 500 to 1200 Da and a

molecular mass distribution of 3 to 4.
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Figure 4.1. Poly (propylene fumarate synthesis via (a) fumaric acid propylene
glycol reaction [72] (b) transesterification of diethyl fumarate and propylene

glycol [99]
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In this study, for PPF synthesis, 125.5 grams of propylene glycol (PG) and 174.1 grams of
fumaric acid (FA) (FA:PG mole ratio=1.5:1.65) were put into a 500 ml round bottom flask
equipped with mechanical stirrer, a thermocouple, a nitrogen gas inlet, and a Dean-Stark
apparatus connected to a condenser. Then, 1.203 grams of p-toluene sulfonic acid catalyst
and 0.290 grams of hydroquinone radical inhibitor were added to the mixture in the flask.
The contents of the flask were heated to 145°C using a heating mantle. After heating, solution
was stirred at this temperature for 3 hours at 100-150 rpm. At the end of heating for 3 hours
at 145°C, the temperature of the reaction medium was increased to 180°C, and the solution
was stirred at this temperature for 1 hour. Approximately, 30 ml water was collected as the
byproduct of the reaction. At the end of 1 hour at 180°C, the solution was left to cool to room
temperature to prevent further polymerization. In Figure 4.2, the polycondensation reaction

for PPF synthesis is shown.

0 10 Hyérogquinona 50 0 0
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Fumaric acid Propylene glycol Poly(propylene fumarate)

Figure 4.2. Polycondensation reaction for PPF synthesis [72]

For the purification of the poly (propylene fumarate) product, it was first heated in an oven
to around 130°C to reduce its viscosity and it was transferred to a beaker. Crude PPF was
dissolved in 150 ml of dichloromethane. Vacuum filtration was performed in order to
eliminate catalyst and the unreacted fumaric acid. After vacuum filtration, 100 ml of 20:80
ratio of methanol-water solution was prepared and the PPF solution was washed with the
methanol-water solution. There was 80 ml water with unreacted propylene glycol at the top
phase. PPF in dichloromethane was at the bottom phase. The PPF solution was taken, and
the top phase was discarded. Anhydrous calcium chloride (CaCl,) was added to PPF solution
in order to eliminate residual water; calcium chloride was added until the solution became
totally clear. Vacuum filtration was performed in order to remove calcium chloride. Finally,
150 ml of diethyl ether was added to the PPF solution in dichloromethane and the PPF in the

diethyl ether phase was taken. Solution was put into rotary evaporator to evaporate the added
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diethyl ether. Finally, the obtained 21.1 grams PPF product was a yellow colored, transparent

viscous resin at room temperature.

4.2. PPF/VPA NANOPARTICLE SYNTHESIS

In order to synthesize PPF/VPA nanoparticles, 0.25 grams of SDS was added to 100 mL
water, and solution was stirred overnight. 0.38 g. of PPF was dissolved in 5 mL DCM. For
the ratio of 70/30: PPF/VPA, 0.163 grams (0,119 mL) of VPA was added to the PPF solution.
Afterwards, 0.0002172 grams (0.04wt percent) of Titanium acetyl acetonate and 0.0163
grams of BAPO (3wt percent) were also added to this solution. After dissolving the catalyst
and the initiator, 20 mL of SDS solution was poured into the PPF/VPA solution (establishing
9wt percent based on PPF/VPA weight). Solution was then homogenized in a homogenizer
for 5 minutes at 1000 rpm. This solution was later irradiated under UV light (365 nm) for 2
hours, with stirring. At the end of this time, the solution was centrifuged in order to obtain
polymer particles. Polymer particles were then washed with 10 mL water in order to get rid
of surfactant. Particles were then put into a freeze dryer for 3 days to remove water.
Procedure was repeated for 1 hour of UV cure time and for 5-, 10-, 15- and 30-minutes
homogenization time as summarized in Table 4.1. For Paclitaxel loading, 4 mg of Paclitaxel
was added to the PPF/VPA solution and homogenized before the addition of the catalyst,

initiator and the SDS solution and the same procedure was applied.

Table 4.1. Changed parameters for PPF/VPA particle synthesis

Homogenization time (min) UV Cure time (hrs.)

5,10, 15, 30 1,2

4.3. CONJUGATION OF FOLIC ACID TO PPF: PPF-FA SYNTHESIS

To achieve cancer specific targeting abilities, drugs can be prepared with a tumor targeting
molecule. To achieve apoptosis of tumor cells a cancer drug must be added to formulation.
To achieve stable release and linear profile, stable backbone of polymer is needed. In this

study, Paclitaxel is used for the apoptosis of tumor cells and PPF/VPA network polymer is
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the stable backbone on this drug formulation. In addition, folic acid was also conjugated to
PPF, and particles based on folic acid modified PPF (PPF-FA) and VPA were also prepared.
Folic acid is usually delivered into cells via attaching to the folic acid receptor on the cell

membrane, which is overexpressed in cancer cells.

For the synthesis of folic acid modified PPF (PPF-FA), DMAP and dehydrant DCC catalytic
system were used. DCC/DMAP coupling is a good way to bind tumor-targeting ligands to
polymer chains that have hydroxyl groups at the end [3]. Thus PPF-FA conjugation will be
obtained by the Steglich esterification reaction between hydroxyl groups of PPF pre-polymer
and carboxyl groups of FA. Steglich esterification reaction requires
dicyclohexylcarbodiimide as a coupling agent and 4-dimethylaminopyridine as a catalyst.

Steglich esterification mechanism can be described as depicted in Figure 4.3 [100];
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Figure 4.3. Mechanism of the Steglich Esterification [100]

First, the carboxylic acid group of the compound reacts with the DMAP which creates an
ion. That ion reacts with the DCC’s intermediate carbon to form DCC- conjugated
carboxylic acid. Then, the hydrogen in the DMAP reacts with the nitrogen to form NH bond
as can be seen at the Figure 4.3. Finally, newly formed compound reacts with the DMAP

which forms the ester. In this study, compound with the hydroxyl group is PPF and
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conjugation with the carboxylic acid group of FA can be formed with the DMAP and DCC

via Steglich esterification reaction.

Approximately 0.5 mmol PPF (0.54575 grams) was added to 0.5 mmol (0,2207 grams) of
folic acid along with 3.45 mmol (0.71 g) of dehydrant DCC, 0.4 mmol (50 mg) of catalyst,
DMAP in 100 milliliters of anhydrous DMSO. The prepared solution was stirred for 24 hours
at room temperature. At the end of this time, solution was filtered by vacuum filtration in
order to remove residual unreacted chemicals. Filtrate was then washed and precipitated with
6.25 mL methanol and 93.75 mL of diethyl ether mixture for 5 times to get rid of the
unreacted folic acid. Filtrate was put into a vacuum oven at 60 °C for 48 hours. The dried
PPF-FA product was kept at -20 °C for future use. This procedure was also performed with
0.1 mmol PPF and 0.1 mmol FA along with 0.69 mmol (142 mg) of dehydrant DCC, 0.08
mmol (10 mg) of catalyst DMAP and 20 milliliters of anhydrous DMSO. In addition, the
same procedure was also applied changing the PPF: FA mole ratio using 0.1 mmol PPF and

0.2 mmol FA keeping the catalyst concentration and solvent amount constant.

4.4. PPF-FA/VPA NANOPARTICLE SYNTHESIS

The folic acid conjugated PPF product was also polymerized with VPA via UV mini
emulsion polymerization to prepare PPF-FA/VPA nanoparticles. First the optimized
procedure utilized for PPF/VPA particle synthesis was used for the PPF-FA/VPA particle
synthesis. For this purpose, first 0.25 grams of SDS was added to 100 mL water, and this
solution was stirred overnight. 0.38 gr PPF-FA was dissolved in 5 mL DCM. For the weight
ratio of 70/30: PPF-FA/VPA, 0.163 grams (0.119 mL) of VPA was added to the PPF-FA
solution. Afterwards, 0.0002172 grams (0.04wt percent) of Titanium acetyl acetonate (TAA)
catalyst and 0.0163 grams of BAPO initiator (3wt percent) were added to this solution. After
dissolving the catalyst and the initiator, 20 mL of SDS solution was poured into PPF-
FA/VPA solution (establishing 9wt percent SDS based on PPF-FA/VPA weight). Solution
was homogenized in a homogenizer for 10 minutes at 1000 rpm. This solution was then
irradiated under UV light (365nm) for 2 hours with stirring. At the end of this time, the
solution was centrifuged in order to obtain polymer particles. Polymer particles were then
washed with 10 mL water in order to get rid of surfactant. Particles were then put into a

freeze dryer for 3 days to remove residual water. The UV mini - emulsion polymerization of
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PPF-FA with VPA was also carried out with 0.06, 0.1 and 0.2 wt. percent TAA, with 15 and
20 wt. percent surfactant concentrations and 2 weight percent BAPO concentration keeping
other conditions of the procedure the same. Initiator, catalyst, and surfactant concentrations
used in PPF-FA/VPA particle synthesis are presented in Table 4.2. For Paclitaxel loading, 4
mg of Paclitaxel was added to the PPF-FA/VPA (0.38 g PPF-FA, 0.163 g VPA) solution and
homogenized before the addition of the catalyst (0.04wt percent), initiator (3wt percent) and

SDS (9wt percent) solution and the same procedure was applied.

Table 4.2. Initiator, catalyst, and surfactant concentrations used in PPF-FA/VPA particle

synthesis

PPF-FA/VPA: 70/30 (wt. ratio)

Surfactant (SDS) Initiator (BAPO) Catalyst (TAA)
Concentration (wt. Concentration (wt. Concentration (wt.
percent) percent) percent)

9 3 0.04
9 3 0.06
15 3 0.04
15 3 0.06
15 3 0.1

15 3 0.2

15 2 0.04
20 3 0.04

4.5. CHARACTERIZATION PPF AND PPF-FA

4.5.1. FT-IR Spectroscopic Analysis

In this study, FT-IR was used for the structural characterization of folic acid modified PPF
(PPF-FA) and PPF/VPA particles. All samples were analyzed with the Thermo Scientific
IS50 FT-IR spectrometer. For FT-IR analysis of the PPF-FA pre-polymer, first a background
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scan of air was taken. Then, sample taken with a spatula tip and placed in the sample cell
was scanned 16 times with a resolution of 4 cm™ in the 400-4000 cm! range. For the PPF
and PPF/VPA polymers, samples were analyzed preparing KBr disc pellets. Approximately
10000 psi pressure was applied when preparing KBr disc pellets. After background scanning
of pure KBr pellets, each sample was scanned 16 times in the range of 400-4000 cm™!, with

a resolution of 4 cm.

4.5.2. "TH-NMR Spectroscopic Analysis

In this study, 'H-NMR was used for the structural characterization of PPF and folic acid
modified PPF (PPF-FA) pre-polymers. Samples were prepared dissolving 0,1 grams PPF,
PPF-FA or PPF-FA/VPA in 1 ml Deuterated Chloroform. For 'H-NMR spectroscopic
analysis, a Bruker AM250 spectrometer with a magnetic field strength of 250MHz was used.
A spectral window of 2000Hz, pulse width of 90° with a digital resolution of 0.427 Hz/pt.

were used for the measurements which were performed at room temperature (25°C).

4.5.3. GPC Analysis

Gel Permeation Chromatography (GPC) analysis was used to determine the molecular
weight of PPF pre-polymer. A Tosoh Ecosec HLC 8320GPC Series model device with flow
marker 250 ppm butylated hydroxytoluene was used. The device was equipped with a
refractive index detector. Flow speed was set as 0.6 mL/min at 25°C. Tetrahydrofuran (THF)
was used as the solvent and the colon used was TSKGel SuperHM-M (6.0 mm L.D. x 15 cm.
3um). Calibration was performed with linear polystyrene standards having number average
molecular weights between 578-427000 g/mol. Samples were analyzed at room temperature

(25°C).
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4.6. CHARACTERIZATION OF PPF/VPA AND PPF-FA/VPA PARTICLES

4.6.1. Gel Content Analysis

Gel content analysis simply gives a measure of the extent of the cross-linking for the
prepared particles. Swelling test was performed to determine the gel content of the
synthesized PPF particles. For gel content (wt. % of cross-linked portion) analysis of
PPF/VPA and PPF-FA/VPA nanoparticles, first initial weight of the particles
(Weightinitiar) were recorded (of about 0.17g) and then nanoparticles were mixed with 3
mL of distilled water and kept in water at room temperature for two days. The swollen
crosslinked PPF nanoparticles were dehydrated using a freeze dryer. The particles were
subsequently immersed in 3 mL THF and kept in THF for two days. Finally, particles were
dried in a vacuum oven at 60°C for another two days. Experiments were done in triplicates.

Dried samples were weighed and weight of sample (Weight ¢pq;) was recorded. Gel content

(percent) was calculated according to Equation 4.1.

Weight¢; 4.1
g final 100 ( )

Gel content(Percent) = -
Welghtlnitial

4.6.2. DSC Analysis

DSC analysis of the UV cured PPF/VPA particles were performed using the "SETARAM
DSC 131 Calorimetry and Thermal Analyzer" device. The DSC 131 SETARAM device had
a temperature range of -170 to 700 °C, a resolution of 0.4 pW, crucibles volume between 30
to 100ul and noise RMS of 0.8 uW. For each analysis, approximately 0.17 g. sample was
heated from 25°C to 250°C at a rate of 5°C/minute in nitrogen gas atmosphere, with second
heating when necessary. For each measurement, heat flow (mW) vs. temperature (°C) graphs
were constructed and analyzed. The DSC analysis was primarily used to see if the cure
reactions of the PPF/VPA samples were complete or not and also to obtain information about

the glass transition temperatures (Tg) of the samples.
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4.6.3. SEM Analysis

Scanning electron microscopic analysis was used to determine the morphology and size of
crosslinked PPF/VPA and PPF-FA/VPA polymer particles. Surface of the sample coated
with Platinum with Polaron SC7640 sputter coater device for a minute. FEI-Philips XL30
ESEM-FEG Scanning Electron Microscopy and Energy-Dispersive X-Ray Analyzer / Image
Analysis system was used. SEM device has 10™ torr and better vacuum capacity, area
emission electron gun (BC Stability <1 percent /hour, Schottky Emitter), 2-5 nm resolution
at spot 2 conditions. It has LFD/ GSED/ ESD detectors and vacuum system assemblies
(PLA).

4.6.4. Degradation Analysis via Weight Loss and pH Measurements

Degradation profiles of the prepared polymeric particles were examined via both weight loss
and pH measurements. For weight loss measurements, about 0.07 g of PPF/VPA polymer
particles was weighed and placed in 10 mL phosphate-buffered saline (PBS) at pH 7.4.
Samples were then placed in an orbital shaker (MaxQ Mini 4450) at 37 °C at 100 rpm. One
sample was removed every week (on weeks 1, 2, 3, 4, 5 and 6) from the PBS solution,
washed with water to remove excess PBS and were then freeze-dried and weighed. After
lyophilization, difference between the initial and final weight was determined and the weight

loss of the polymer particles due to degradation was analyzed as a function of time.

For degradation measurements with pH, first about 0.15 g of the PPF/VPA particles was
placed in 10 mL phosphate-buffered saline (PBS) at pH 7.4. Then, samples were placed in
an orbital shaker (MaxQ Mini 4450) at 37 °C at 100 rpm. The pH values were measured
using a WTW inoLab 740 model instrument, every 24 hours for the first 5 days and then
weekly. The PBS solution was changed every week. For both weight loss and pH

measurements, experiments were done twice.
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4.7. ANALYSIS OF DRUG RELEASE FROM PPF PARTICLES VIA HPLC
ANALYSIS

PPF/VPA particles with embedded Paclitaxel were washed three times to remove excess
Paclitaxel that may reside on the surface of the particle. For drug release studies, about 0.17
grams of the PPF/VPA particles were put in 5 ml PBS at pH=7.4. Right after the initial
introduction of the particles in buffer solution, supernatant was immediately removed by
centrifugation to determine the initial amount of release. Then 5 mL PBS was added on
particles in test tubes and test tubes were placed in an orbital shaker at 37 °C operating at
100 rpm. After each predetermined amount of time, supernatant was removed to measure
the released amount of Paclitaxel, and a fresh aliquot of PBS was added to the test tubes.
The amount of drug release from the particles was measured through 86 days (on days 1, 5,
8,12, 15, 19, 22, 26, 30, 34, 38, 42, 46, 50, 54, 58, 62, 66, 70, 74, 78, 82, 86). Drug release
studies were done in duplicates.

The amount of drug released from the particles to the buffer solution was determined using
HPLC. A Shimadzu HPLC system equipped with 2487 UV-Vis detector, 1525 binary pump,
717 autosampler and Degasser was used for drug release studies. The amount of Paclitaxel
released was determined as described in relevant studies [21] with some modifications. A
X-Bridge C-18 column (150%4.6 mm, particle size 5 um), was used and the temperature of
the column was set to 30 °C. The mobile phase was composed of solvent X (0.5% HzPO4
aqueous solution) and solvent Y (Methanol), and gradient elution conditions were used as
listed in Table 4.3 [101]. The flow rate was set to 1.0 ml/min. Injection volume was 50 pL
and injections were performed in duplicate. UV absorbance at 227 nm was used for
Paclitaxel. In order to construct the calibration curve, Paclitaxel solutions were prepared in

75 percent ethanol solution.



Table 4.3. Gradient elution conditions for HPLC analysis of Paclitaxel

Time

(min) %X %Y
0.01 94.0 6.0
3.00 94.0 6.0
3.50 35.0 65.0
16.00 35.0 65.0
16.50 94.0 6.0
18.50 94.0 6.0

43
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S. RESULTS AND DISCUSSION

In this study, poly propylene fumarate (PPF) pre-polymer was copolymerized with 30 wt.
percent of VPA which may behave differently in different pH mediums to produce PPF/VPA
copolymer with a mainly hydrophobic PPF component to form nanoparticles via UV mini-
emulsion polymerization. These PPF/VPA nanoparticles which biodegrade over time to
nontoxic species were examined as Paclitaxel drug delivery agents. Moreover, preliminary
studies on the synthesis folic acid conjugated PPF and its copolymerization with VPA via
UV mini-emulsion polymerization to produce PPF-FA/VPA nanoparticles were also carried

out to produce nanoparticles that are expected to be selective towards cancer and tumor cells.

First, procedure for PPF/VPA nanoparticle synthesis via UV-mini emulsion polymerization
has been optimized. The PPF/VPA particles prepared were characterized by gel content
analysis, DSC, and FT-IR spectroscopy. Size and morphology of particles were
characterized via SEM, degradation profiles in PBS (pH=7.4) at 37°C were investigated via
weight loss and pH measurements and finally Paclitaxel drug release from PPF/VPA
nanoparticles was investigated using HPLC. PPF pre-polymer and folic acid modified PPF
(PPF-FA) were characterized with FT-IR and '"H-NMR spectroscopy and molecular weights
were determined via GPC. The synthesized PPF-FA/VPA particles were characterized with
gel content analysis and DSC, morphology of the particles was analyzed via SEM. The
results, analysis and discussions based on the obtained data are presented in the following

sections.

5.1. POLY (PROPYLENE FUMARATE) SYNTHESIS

Poly (propylene fumarate) synthesized exhibited a number average of molecular weight of
1091.5 g/mole, weight average molecular weight of 1239.3 g/mole and a polydispersity
index of 1.135. The GPC chromatogram for this analysis is presented in Appendix A (Figure
A 1). The FT-IR and 'H-NMR spectroscopic analysis of the PPF pre-polymer will be
presented in the structural characterization of the folic acid modified PPF product and

PPF/VPA particles.
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5.2. CHARACTERIZATION OF PPF/VPA NANOPARTICLES

5.2.1. Gel Content Analysis

For the UV mini emulsion polymerization of PPF pre-polymer with VPA, reaction
conditions optimized for the UV mini emulsion polymerization of PPF pre-polymer with
vinyl pyrrolidone to produce nanoparticles in a related study [101] was used. Thus, for the
UV mini emulsion polymerization of PPF pre-polymer with VPA, BAPO was used as a
radical initiator in the presence of 9 wt. percent SDS as the surfactant with homogenization
of the emulsions in a homogenizer at 1000 rpm. On the other hand, in order to facilitate the
UV photo-polymerization of PPF with VPA, titanium acetyl acetonate (TAA) was used as a
catalyst at 0.04wt% concentration with 3wt% BAPO initiator based on PPF/VPA total
weight using the results of optimization studies for the cure of PPF with VPA in the presence
of benzoyl peroxide initiator, N, N-DMT catalyst and TAA co-catalyst (crosslinker) at room
temperature [102].

Thus, in the first set of experiments, PPF pre-polymer was photo-polymerized with VPA at
a 70:30 weight ratio using 3wt% BAPO initiator, 0.04wt% TAA in the presence of 9 wt.
percent SDS as surfactant changing the UV cure time as 1 and 2 hours and homogenization
time of the mini emulsions as 5,10,15 and 30 minutes. The gel content of each of the
synthesized particles was determined in order to determine the conditions for achieving
highest extent of cross-linking. Gel content (weight percent) of the PPF/VPA particles

synthesized at different UV mini-emulsion polymerization conditions are given in Table 5.1.

As can be seen from the data presented in Table 5.1, 10 minutes homogenization time
resulted in the highest gel content for both 1 and 2 hours of UV cure time. This can be
explained with the emulsion polymerization kinetics. The homogenization time must be long
enough that emulsions can occur with stability. It may be postulated that, 15- and 30-minutes
homogenization time de-stabilize the emulsions while 5 minutes homogenization time is not
enough to form stable emulsions. The increase of UV cure time from 1 to 2 hours for 10
minutes homogenization time resulted in an increase in gel content from 85.1 to 87.6 percent
whereas the cure time did not affect the gel content for samples prepared with 5,15- and 30-
minutes homogenization time. Thus, for the UV mini emulsion polymerization of PPF with

VPA, with 3 wt. % BAPO initiator, 0.04 wt. % TAA and 9 wt. percent of SDS surfactant,
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10 minutes homogenization time and 2 hours of UV cure time resulted in the highest

efficiency of cross-linking.

Table 5.1. Gel content of the PPF/VPA particles synthesized at different UV mini-

emulsion polymerization conditions

Homogenization Time

(min)

UV Cure Time (Hrs.)

1

2

Gel Content (wt.%)

5 82.32+0.27 | 83.23+0.14
10 85.14+0.12 87.63+0.17
15 83.12+0.2 83.2+0.21

30 80.23+0.7 79.94+0.51

5.2.2. Results of DSC Analysis

Differential scanning calorimetry (DSC) was also used to analyze the possible post-cure
reactions and thermal transitions of the synthesized PPF/VPA particles. Figure 5.1 shows
the DSC spectra of PPF/VPA particles prepared via UV emulsion polymerization at different
homogenization times (5,10,15,30 min) (a) and that were UV cured for 1, 2 and 3 hours(b).
For the DSC thermograms presented the endothermic peaks in the 50-60°C region must
correspond to the glass transition temperature (Tg) of these network polymers. In a related
study by our group, the T, of PPF/VPA copolymers that were thermally cured in the presence
of 3wt percent benzoyl peroxide (BP) were reported to be 73 °C as determined from the tan
delta maxima via dynamic mechanical analysis (DMA) [72]. Wang et al. [52] also
synthesized PPF copolymers which resulted in higher glass transition temperatures than pure
PPF polymers that exhibit Tg’s in the -30 and 32 °C interval [103]. The fact that none of
these spectra exhibit major exothermic peaks indicate that the cure reaction of PPF pre-

polymer with VPA was nearly complete via the UV cure process of the emulsions.
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A DSC Results of PPF/VPA particles with different homogenizer times

——p Exo

B DSC Results for different curing time

—» Exo
Heat Flow (mw)

Figure 5.1. DSC thermograms of PPF/VPA particles (a) synthesized with different

homogenization times (2 hours UV cure) (b)UV cured for 1,2 and 3 hours.

5.2.3. Fourier Transform Infrared (FT-IR) Spectroscopy Results

PPF/VPA particles prepared via UV mini-emulsion polymerization under the optimized
conditions were also characterized via FT-IR spectroscopy. The FT-IR spectra of PPF with
PPF/VPA product is presented in Figure 5.2 (a) and that of VPA monomer is presented in
Figure 5.2 (b). The major characteristic peaks were identified at 1715 and 1644 cm™! in the
spectrum of PPF corresponding to the C=O stretching and C=C stretching bands,
respectively. The FT-IR spectrum of VPA showed major characteristic peaks between 2400
and 3000 cm™!, representing the O-H stretch of the phosphonic acid side groups, bands
between 1090 and 905 cm’! representing the P-O stretch of the phosphonic acid side group.
The peak at around 1614 cm-1 on other hand should correspond to VPA C=C stretching
vibrations [104]. After the cross-linking reaction of PPF pre-polymer with VPA, the peak at
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1715 cm™! that belongs to C=0 stretching should remain constant whereas the peak at 1644
cm’! that belongs to C=C stretching must decrease its absorbance intensity which can be
visualized in Figure 5.2 (a). The decrease in the ratio of the absorbance intensity of PPF
(C=C) stretching peak at 1644 cm™' to that of carbonyl peak at 1715 cm™ indicated that about
84.8 percent of the fumarate double bond was consumed throughout the UV cure reaction at
the end of 120 minutes. The weak band at 1614 cm™! associated with VPA (C=C) stretching
seemed to disappear as a result of the radical polymerization whereas the 1086 cm™ peak
associated with VPA (P-O) stretching vibration was also present in the spectrum of the

PPF/VPA polymer.
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Figure 5.2. FT-IR spectra of (a) PPF with PPF/VPA and (b) VPA

5.2.4. Scanning Electron Microscopic (SEM) Analysis

In order to analyze the morphology and size of the PPF/VPA particles, scanning electron
microscopy was used. Particle formation was observed for all the PPF/VPA particles
prepared under the optimized reaction conditions (3wt percent BAPO, 0.04 wt. percent TAA,
9wt percent SDS, 2 hours UV cure) that were homogenized for different periods of time.

Figure 5.3 shows the SEM images of PPF/VPA particles prepared with 5 minutes
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homogenization time which indicate formation of spherical particles which were not as

distinct as those observed with longer homogenization times.

AccV SpotMagn Det WD |—|#&
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Figure 5.3. SEM image of PPF/VPA particles prepared with 5 minutes homogenization

time at 20000x magnification

Figure 5.4 gives a comparison of SEM images of PPF/VPA particles homogenized for 10
minutes and 15 minutes. Figure 5.4 shows a uniform distribution of spherical particles which
were more distinct for the 10 minutes homogenized samples whereas particles were more
coagulated and exhibited more like rectangular or square shapes rather than spherical shapes

for 15 minutes homogenized particles.
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Figure 5.4. SEM Images of 10 and 15 minutes homogenized PPF/VPA nanoparticles. (a)
10 minutes (b) 15 minutes homogenized nanoparticles at 2000 x magnification (c) 10
minutes (d) 15 minutes homogenized nanoparticles at 10000 x magnification (e) 10

minutes (f) 15 minutes homogenized PPF/VPA nanoparticles at 20000 x magnification

Figure 5.5 similarly gives a comparison of SEM images of PPF/VPA particles homogenized
for 10 minutes and 30 minutes. Spherical particles can be identified for both 10- and 30-
minutes homogenized samples however spherical particles seem to be more distinct for the
10 minutes homogenization time. A size analysis of the PPF/VPA particles homogenized for

10 and 30 minutes are also presented in Figure 5.6. In Figure 5.6 (a), particles with diameters
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of 582 nm, 927 nm, 533 nm, 650 nm and 1860nm were labeled for the 10 minutes
homogenized particles and the sizes of these particles ranged roughly from 500 nm to 2000
nm. Similarly, in Figure 5.6(b), particles with diameters of 266 nm, 342 nm, 502 nm, 738
nm, 856 nm, and 1153 nm were labeled for the 30 minutes homogenized particles and the
sizes of these particles ranged roughly from 250 nm to 1500 nm indicating that 30 minutes

homogenization time also resulted in a smaller size of the nanoparticles.
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Figure 5.5. SEM Images of 10 and 30 minutes homogenized PPF/VPA nanoparticles (a) 10
minutes (b) 30 minutes homogenized nanoparticles at 2000 x magnification (c) 10 minutes

(d) 30 minutes homogenized nanoparticles at 10000 x magnification (e) 10 minutes (f) 30
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minutes homogenized nanoparticles at 20000 x magnification (g) 10 minutes (h) 30

minutes homogenized nanoparticles at 50000 x magnification.
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Figure 5.6. Size analysis of (a) 10 and (b) 30 minutes homogenized PPF/VPA

nanoparticles at 20000 x magnification

Although as mentioned before, 9 wt. percent surfactant SDS ratio was used as the optimized
concentration from a reference study of the same process with PPF/VP particles, PPF/VPA
particles prepared with 4.5 and 9 wt. surfactant concentration using 10 minutes

homogenization time were also analyzed via SEM as presented in Figure 5.7. SEM images
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of the particles at 10000x, 20000x and 50000x magnifications show that the particles are
more distinct for the 9-wt. percent surfactant concentration whereas particles seem to be
more coagulated for the 4.5 wt. percent surfactant concentration. Thus, in the light of the
SEM and gel content analysis results, 10 minutes homogenization time and 9wt percent SDS

concentration were used for the preparation of the PPF/VPA particles for further studies.

L S R e B T LI
103

Figure 5.7: SEM Images of 10 minutes homogenized PPF/VPA nanoparticles prepared
with 4.5wt% and 9wt%SDS. (a) 9wt% b) 4.5wt% SDS used nanoparticles at 2000 x
magnification (¢) 9wt% (d) 4.5wt% SDS used nanoparticles at 10000 x magnification (e)
Owt% (f) 4.5wt% SDS used nanoparticles at 20000 x magnification



56

5.2.5.  Degradation Profile of PPF/VPA Particles — pH Analysis

During degradation of the PPF/VPA nanoparticles, acidity increases due to hydrolysis that
leads to the formation of fumaric acid and vinyl phosphonic acid therefore, pH should
decrease over time as degradation proceeds. pH profiles for the crosslinked PPF/VPA
particles prepared with different homogenization times are given in Figure 5.8. The
degradation profiles show that particles prepared with 10 minutes of homogenization time
exhibit the highest pH values or lowest pH decrease at the end of 89 days indicating a lower

rate of degradation, which stems from a higher gel content as determined via swelling

studies.
8
—@—>5 min homo
—@— 10 min homo
7
15 min homo
—@—30 min homo
6
I
o

0 20 40 60 80 100

Days

Figure 5.8. pH Degradation profiles of PPF/VPA particles prepared with different

homogenization times.

In a previous study by Can etal [72], PPF/VPA polymers at (70/30) composition, prepared

via thermal cure in the presence of 3 wt. percent benzoyl peroxide (BP) exhibited similar
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degradation profiles which indicated a decrease from pH 7.4 to about 3.5 to 4.0 at the end of
84 days through degradation studies in PBS buffer solution (pH=7.4) where similarly the
decrease in pH in the first 5 -7 days was quiet fast and then a lower rate of decrease in pH

was observed.

Peter et al. [105] synthesized the poly (propylene fumarate) based B-Tricalcium phosphate
(B-TCP) incorporated material. To investigate the degradation behavior of the polymer, Peter
et al. placed the samples to 3 ml PBS and tested them mechanically at the end of 1 and 4
days. pH of the samples decreased to 2 percent readily because of the B-Tricalcium

phosphate degradation.

Jun et al. [106] investigated the dissolution of B-TCP which indicated a change in pH from
6.3 to 5.4. showing that B-TCP also contributes to the acidity of solution. Degradation of
PPF- B-TCP composites resulted in a constant pH value of 4.1 to 4.5 at the end of 30 days
which are comparable with our results however, mechanical properties of PPF/B-TCP did
not change significantly which was due to the high strength nature of B-TCP filler. In the
study of Peter et al., the acidic nature of B-TCP contributed to the acidity whereas in our

study VPA comonomer contributed to the acidity in the degradation of PPF polymer.

5.2.6. Degradation Profile of PPF/VPA Particles — Weight Loss Analysis

Another way to track the decomposition of polymers is Weight Loss analysis. Weight loss
analysis of crosslinked polymer nanoparticles synthesized with varying homogenization
times revealed that roughly 42-55 percent of the particles degraded within 6 weeks. The
weight loss percentage versus time plots are shown in Figure 5.9, showing that particles
prepared with 10 minutes of homogenization time resulted in the lowest level of weight loss

throughout 84 days, which can be attributed to the higher gel content of these particles.

Thus, both pH and weight loss measurements showed that PPF/VPA particles prepared
with 10 minutes of homogenization time exhibited the lowest degradation rate in (PBS)
buffer solution with pH of 7.4. However, for the weight loss profiles the degradation rate
seemed to be roughly constant and a fast degradation in the first 5 to 7 days which seemed
to decrease later observed in the pH versus time plots was not applicable for the weight loss

profiles.
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Timmer et al. [107] investigated the influence of crosslink density and medium pH on the in
vitro degradation rate of PPF/PPF-DA (diacrylate) photo-crosslinked networks over a 52-
week timeframe. PPF/PPF-DA networks with the lowest crosslink density showed the most
degradation, with a weight loss of 17 percent, which was consistent with our findings of a
higher degradation rate for lower gel content. For the PPF/VPA cross-linked particles, 88
percent weight loss was observed at the end of 12 weeks as the lowest degradation rate for
particles prepared with 10 minutes of homogenization time. PPF-DA networks synthesized
in the study of Timmer et al. had high hydrophobicity. Hydrophobicity and lower water
uptake have been associated with the lengthy degradation of polyurethanes based on poly
(capro lactone) [107]. The more polar and hydrophilic character of VPA and the fact that for
nanoparticles a larger surface area is in contact with water should result in a higher

degradation rate for the PPF/VPA nanoparticles prepared in our study.
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Figure 5.9. Weight loss degradation profiles of PPF/VPA particles prepared with different

homogenization times.
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Gizem et al. [101] synthesized PPF/Vinyl Pyrrolidone (PPF/VP) (70/30) particles both with
and without magnetite through UV emulsion polymerization. In that study, about 54.4
percent weight loss was observed for the PPF/VP particles at the end of 42 days in PBS
buffer solution with pH 7.4, whereas in our study the weight loss at the same time period
changed from 42 to 55 weight percent for particles prepared with different homogenization
times indicating a lower degradation rate for some of the PPF/VPA particles prepared in our

work.

5.2.7. Drug Release from PPF/VPA Particles

As described in the experimental section, PPF/VPA particles were prepared in the presence
of 4mg Paclitaxel where total weight of the PPF and VPA was 0.543 g corresponding to 0.74
wt. percent of Paclitaxel loading on particles. The drug release from these particles in PBS
buffer solution (pH 7.4) was analyzed with HPLC as described in the experimental section.
The Paclitaxel (PX) drug release profile from the PPF/VPA particles is presented in Figure
5.10. As can be seen, the cumulative drug release percent versus time plot is linear with an
R squared value of 0.9937 and all of the encapsulated drug was released at the end of 82
days. For pharmacokinetics, stable and prolonged release of drug is very important. In the
PPF/VPA patrticles, a sustained linear release profile of the medication was seen, without the
normal 'burst effect,’ which is crucial for controlled and predictable pharmacokinetics in
cancer therapy. Van der Ende [60] synthesized emulsified polyester nanoparticles with drug

loading. Drug release with linear profile was also reported in his study.

When the drug release profile of PPF/VPA particles in PBS buffer solution (pH 7.4) is
compared with the weight loss profile presented in Figure 5.9, in 84 days about 88 percent
of the particles degraded when all the encapsulated drug (100 percent) was released. Thus,
it can be proposed that the drug release mechanism is predominantly degradation controlled
rather than diffusion controlled. In Gizem et al’s [101] study, all the encapsulated Paclitaxel
drug was released from the PPF/VP particles at the end of 22 days where the drug release
was diffusion controlled rather than degradation controlled. At the 22"¢ day only 27 percent
of the encapsulated drug was released from the PPF/VPA particles, the slower release of
Paclitaxel from the PPF/VPA particles as compared to PPF/VP particles can be attributed to

both a degradation-controlled release rather than diffusion-controlled release and a higher
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gel content of the PPF/VPA particles (87.6 percent) and therefore a more efficient
crosslinked system than that of PPF/VP particles (gel content = ~85 percent).
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Figure 5.10. Paclitaxel drug release profile of PPF/VPA particles in PBS buffer solution
(pH 7.4)

VPA titration curve was investigated by Bahar et al. [108]and it was found that pKai and
pKa2 values were 2.74 and 7.34 respectively. As the degradation of PPF/VPA particles
decreases the pH of the medium (2.74< pH< 7.34), one can accept only one of the two VPA
phosphonic acid groups to be protonated whereas the other one should be deprotonated
creating one negative charge on each VPA unit in the network structure which should
contribute to the controlled release of the drug from the particles. PPF/VPA polymer
particles were not totally negatively charged which could have resulted in a burst release. In
addition, tumor microenvironment (TME) is acidic mainly because of high glycolytic rate
of tumor cells [109]. Thus, TME for which pH is around ~6.8 will not trigger the
deprotonation of both VPA protons. Thus, we can safely predict that PPF/VPA particles will

release its drug in a similar manner in the tumor microenvironment.
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5.3. CHARACTERIZATION OF FOLIC ACID CONJUGATED PPF (PPF-FA)

In this study, in order to conjugate folic acid to PPF pre-polymer, PPF was reacted with FA
(in 1:1 and 1:2 mole ratios) in the presence of DMAP and DCC as the catalyst. The terminal
PPF hydroxyl is expected to react with FA carboxylic acid through an esterification reaction
as presented in Figure 5.11. The excess folic acid and catalyst were removed from the PPF-

FA product as described in the experimental section.

PPF-FA

Folie Acid

Figure 5.11. The schematic representation of PPF and FA reaction

5.3.1.  Fourier Transform Infrared Spectroscopic Analysis of PPF-FA Product

After synthesis of PPF-FA, the product was characterized with FT-IR spectroscopy. In
Figure 5.12, the FT-IR spectra of PPF pre-polymer and PPF-FA product are presented. The
characteristic peaks of folic acid at around 1602, 1690 and 1481 cm™! that are associated with
N-H bending vibration of CONH group, C=0 amide stretching of the a- carboxyl group and
absorption band of phenyl ring respectively are present in PPF-FA spectra but not in PPF
confirming the attachment of FA to PPF. On the other hand, the 1711 cm™! peak representing
the ester (C=0 stretching) and 1644 cm™!' peak showing the (C=C stretching) of PPF are still
present in the spectrum of PPF-FA product as expected, since the esterification reaction
between PPF and FA creates an additional ester carbonyl group and the fumarate double

bonds of PPF are conserved.
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Figure 5.12. FT-IR Spectra of PPF and PPF-FA pre-polymers

5.3.2. 'H-NMR Spectroscopic Analysis of PPF-FA Product

The PPF pre-polymer and the PPF-FA product were also analyzed with 'H-NMR
spectroscopy for structural characterization. The 'H-NMR spectrum of the synthesized PPF

pre-polymer is presented in Figure 5.13 with the peak assignments for different type of

protons on its structure [72].
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Figure 5.13. '"H-NMR spectrum of the PPF pre-polymer
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The 'H-NMR spectrum of the folic acid (FA) is also presented in Figure 5.14 with the

corresponding peak assignments for different type of protons on its structure [110].
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Figure 5.14. '"H-NMR spectrum of folic acid with peak assignments on different types of

protons [110]

Xifeng et al. [3] synthesized PPF-PLGA-PEG self-assembled nanoparticles which were

bonded to folic acid for tumor cell-specific response. Xifeng et al. [3] similarly used 'H-

NMR spectroscopy with deuterated chloroform as solvent in order to characterize the

polymer-folic acid interface and formation.

Figure 5.15 shows the 'H-NMR spectrum of the PPF-FA product (0.1:0.1 mol ratio) along

with the peak assignments for different type of protons on its structure. PPF protons are

shown with white arrows while FA protons are shown with blue arrows. As can be seen from
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the figure, the 'H-NMR spectrum of the PPF-FA product carries generally the characteristic
peaks associated with protons of both PPF and FA structures. However, use of deuterated
chloroform caused chemical shifts to shift right relative to d-DMSO used for FA 'H-NMR
spectroscopic analysis presented in Figure 5.15 like the A and B protons of folic acid. The
terminal OH protons of PPF which exhibit a broad peak in the 2.5-3.0 ppm region lost
intensity in the '"H-NMR spectrum of the PPF-FA without completely being consumed as
expected since there should be unreacted OH groups of PPF. In addition, the CH>-O in the
PPF-FA conjugate structure gives a peak in the 3.2 ppm region (3°). The singlet peak at 7.26
ppm on the other hand belongs to residual protons of deuterated chloroform used as a solvent.
Thus the 'H-NMR spectroscopic analysis confirmed the addition of FA to PPF through its
hydroxyl groups and formation of the PPF-FA product. The 'H-NMR spectroscopic analysis
of the PPF-FA (0.1:0.2 mol ratio) product did not show considerable differences in terms of

structural analysis and therefore is not presented here.
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Figure 5.15. '"H-NMR spectrum of the PPF-FA product (0.1:0.1 mol ratio)
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5.4. CHARACTERIZATION OF PPF-FA/VPA PARTICLES

As previously described in the Introduction section after the development of the PPF/VPA
particles as an anticancer drug delivery agent. For targeting tumor cells preliminary studies
on the conjugation of folic acid to PPF and the UV mini-emulsion polymerization of this
PPF-FA product with VPA to produce PPF-FA/VPA particles as drug delivery agents were
also performed. A schematic representation of the crosslinking of the PPF-FA prepolymer
with VPA is presented in Figure 5.16. PPF-FA and VPA polymerization reaction can be
controlled and optimized in order to achieve more prolonged drug release and stable

nanoparticles.
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Figure 5.16. Chemical structure of PPF-FA/VPA polymer

54.1. Gel Content Analysis

The PPF-FA UV mini emulsion polymerization with VPA was performed changing the
surfactant concentration as 9.2 and 15 wt. percent and the TAA co-catalyst (crosslinker)
content as 0.06, 0.1 and 0.2 wt. percent in order to optimize particle formation and the gel

content of the cross-linked particles. Table 5.2 shows the results.

The PPF-FA/VPA particles synthesized using 0.06 wt. percent TAA, 3 wt. percent BAPO
and 9.2 wt. percent SDS at 1000 rpm with 10 min. homogenization time exhibited a
maximum gel content value of 88.18+0.16 percent which was close to the gel content value
of 87.63+0.17 percent determined for the PPF/VPA particles synthesized under similar
conditions. Table 5.2 shows that the increase in TAA co-catalyst concentration results in a
decrease in gel content which was not desirable. Stalling of gelling state caused this result.
Thus, the use of 0.06 percent TAA was the optimized concentration for crosslinking reaction
of PPF-FA polymer with VPA similar to PPF, VPA reaction. According to Table 5.2, PPF-
FA/VPA particles synthesized with 9.2 percent surfactant showed slightly higher gel content

as compared to those prepared with 15 percent surfactant. However, SEM results showed
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that particles synthesized in the presence of 9.2 wt. percent SDS surfactant created different
crystal structures rather than spherical particles whereas with the increase of surfactant
concentration to 15wt percent, particle formation was observed in addition to crystals as will
be discussed in the following section. Particles synthesized with 15 wt. percent surfactant

resulted in 83.27 percent gel content with particle formation.

Table 5.2. Gel content of the PPF-FA/VPA particles synthesized at different UV mini-

emulsion polymerization conditions

UV mini-emulsion  polymerization | Gel Content (%)
conditions for PPF-FA/VPA synthesis
(0.06% TAA, 3%BAPO, 9.2% SDS) (1000 | 88,18+0,16

rpm) (10 min. homogenization time)

(0.06% TAA, 3%BAPO, 15% SDS) (1000 | 83,27+0,35

rpm) (10 min. homogenization time)

(0.06% TAA, 3%BAPO, 15% SDS) (1000 | 87,16+1,2

rpm) (10 min. homogenization time)
(With Paclitaxel)
(0.1% TAA, 3%BAPO, 15% SDS) (1000 | 60,66+3,56

rpm) (10 min. homogenization time)

(0.2% TAA, 3%BAPO, 15% SDS) (1000 | 54,28+5,65

rpm) (10 min. homogenization time)

5.4.2. DSC Analysis of PPF-FA/VPA Particles

The synthesized PPF-FA/VPA particles were analyzed via differential scanning calorimetry
in order to examine the completion of the cure reaction and the thermal transitions of the
polymer. The DSC thermogram of the PPF-FA/VPA polymer is presented together with the
PPF/VPA polymer in Figure 5.17. There is no big difference in these thermograms. The
endothermic peak at around 50°C region must correspond to the glass transition temperature
(Tg) of the PPF-FA/VPA network polymer like the PPF/VPA polymer. The fact that there is
no major exothermic peak after the glass transition region indicates that UV cure reaction of

PPF-FA with VPA was complete.
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Figure 5.17. DSC thermograms of PPF/VPA and PPF-FA/VPA polymers

5.4.3. SEM Analysis of PPF-FA/VPA Particles

Scanning electron microscopy was used to characterize the morphology of the prepared PPF-
FA/VPA particles. When the optimized UV emulsion polymerization conditions used for the
synthesis of PPF/VPA particles were used for the synthesis of PPF-FA/VPA particles using
3wt percent BAPO, 0.06wt percent TAA and 9.2wt percent SDS based on PPF-FA and VPA
total weight (1000 rpm, 10 min. homogenization time) star-shaped and microplate structures
were formed as presented in Figure 5.18. This was an unexpected morphology for the
polymer particles produced via mini-emulsion polymerization indicating the use of 9 wt.%
SDS was not adequate for the critical micelle concentration (CMC). In order to form
spherical particles, the SDS concentration was increased from 9 wt. percent to 15 wt. percent
based on PPF-FA and VPA total weight. SEM images of PPF-FA/VPA particles synthesized
with 15wt% surfactant at 50000x magnification is presented in Figure 5.19. As can be seen,
although rectangular plate shapes are present, nanoparticles with spherical shape have also
formed. As particles were formed with increasing concentration of surfactant from 9 to 15
wt. percent, one can assume that the emulsion passed CMC in the presence of 15wt percent

SDS.
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Figure 5.18. SEM image of PPF-FA/VPA product synthesized with 9 wt. % surfactant at
50000x magnification
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Figure 5.19. SEM images of PPF-FA/VPA product synthesized with 15wt% surfactant at
50000x magnification.

Comparison images for surfactant concentrations of 9 and 15 wt. percent are also presented
in Figure 5.20. As can be seen from these images, the increase of surfactant ratio from 9 to

15 weight percent triggered the formation of particles however did not change the micro

plate morphology completely.
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Figure 5.20. SEM image comparisons between 10 minutes homogenized PPF-FA/VPA
micro particles for surfactant ratios of 9wt% and 15wt%. A) 9wt% surfactant in 10000x
magnification. B) 15wt% surfactant in 10000x magnification. C) 9wt% surfactant in
20000x magnification. D) 15wt% surfactant in 20000x magnification. E) 9wt% surfactant

in 50000x magnification. F) 15wt% surfactant in 50000x magnification.

The size of the PPF-FA/VPA particles prepared with 15wt percent surfactant are presented
on a SEM image (20000x) in Figure 5.21. As can be seen, particle diameters were in the
range of 200 to 600nm whereas the micro plates had lateral dimensions of approximately
2300nm and a thickness of 360 nm. The increase of surfactant concentration from 15 to 20wt
percent interestingly resulted in microplate formation without any spherical particle

formation.
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Figure 5.21. Size of PPF-FA/VPA particles prepared with 15wt% surfactant

Homogenizer speed is an important parameter for the particle formation and particle size.
Therefore PPF-FA/VPA particles were synthesized with 10 minutes homogenization at
10000 rpm homogenizer speed instead of 1000 rpm keeping other parameters constant (e.g.,
15wt percent surfactant). As can be seen in Figure 5.22, the use of 10000 rpm

homogenization speed also produced microplates instead of spherical microparticles.

Figure 5.22. PPF-FA/VPA particles homogenized at 10000 rpm for 10 minutes at (a)
12000x (b) 50000x magnification

As the increase of TAA cocatalyst concentration from 0.06wt percent to 0.1 and 0.2 wt.

percent decreased the gel content considerably, in an attempt to see the effect of TAA co-
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catalyst concentration on particle formation, the PPF-FA/VPA particles were synthesized
with 3 wt. percent BAPO, 0.04wt%TAA and 15wt% surfactant. The SEM image of the PPF-
FA/VPA particles synthesized with 0.04wt percent TAA is presented in Figure 5.23,
showing considerable spherical particle formation along with microplate formation. Figure
5.24 shows a comparison of the SEM images of the PPF-FA/VPA particles synthesized with
0.04 and 0.06 wt. percent TAA. These images indicate that when TAA concentration
decreased from 0.06 percent to 0.04 percent, particle concentration increased, and microplate

formation decreased.

Figure 5.24. Comparison between SEM images of PPF-FA/VPA particles synthesized with
(a) 0.06 wt. percent TAA and (b) 0.04 wt. percent TAA
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Finally, in order to see the effect of homogenization time on the morphology of the particles,
homogenization time was changed from 10 to 15 minutes at 1000 rpm. SEM images of the
particles homogenized for 10 and 15 minutes using 15wt percent surfactant are presented in
Figure 5.25. As can be seen from this figure, there is no distinguishable difference between

10- and 15-minutes homogenization time, microplate formation can be seen in both.
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Figure 5.25. SEM images of 10 and 15 minutes homogenized PPF-FA/VPA micro particles
for surfactant ratio of 15wt%. (a) 10 minutes homogenization time (b) 15 minutes
homogenization time at 1000x magnification (c) 10 minutes homogenization time (d) 15
minutes homogenization time at 2000x magnification. (e) 10 minutes homogenization time

(f) 15 minutes homogenization time at 5000x magnification.

Thus, in PPF-FA/VPA UV mini emulsion polymerization, use of 15 wt. percent surfactant

(SDS) with 3 wt. percent BAPO and 0.04 wt. percent TAA with 10 minutes of
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homogenization time at 1000 rpm seem to be the optimum conditions according to our

studies, however further optimization is necessary for a uniform nanoparticle morphology.
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6. CONCLUSION

Poly (propylene fumarate) was synthesized through polyesterification of fumaric acid and a
slight excess of propylene glycol at defined reaction conditions. Number average and weight
average molecular weight of the PPF pre-polymer were determined as 1092 g /mol and 1239
g/mol respectively through GPC analysis. The chemical structure of the PPF pre-polymer
was also characterized via FT-IR and '"H-NMR spectroscopic analysis.

PPF pre-polymer was copolymerized with VPA comonomer via UV mini- emulsion
polymerization to produce nanoparticles. The optimized reaction conditions using 3wt
percent BAPO radical initiator, 0.04wt percent TAA cocatalyst with 9wt percent SDS
surfactant and 2 hours of UV cure time with 10 minutes of homogenization time at 1000 rpm
resulted in 87.6 percent gel content. SEM analysis indicated that the sizes of these particles
ranged roughly from 500 nm to 2000 nm. The PPF copolymerization reaction with VPA
through their double bonds via radical polymerization and the formation of the PPF/VPA
polymer was also confirmed with FT-IR spectroscopy. The degradation profiles of PPF/VPA
particles in PBS buffer solution with pH 7.4 were also obtained via measurements of weight
loss and pH. It was found out that depending on the homogenization time of the particles,
about 88 to 98 percent of the particles degraded at the end of 84 days. Both pH and weight
loss profiles showed that PPF/VPA nanoparticles synthesized with 10 minutes of
homogenization time had a lower degradation rate due to a higher gel content as compared
to particles prepared with different homogenization times. DSC analysis of the synthesized
PPF/VPA particles indicated that the cure of PPF prepolymer with VPA was complete. Most
importantly, Paclitaxel drug release from the PPF/VPA particles resulted in linear and
prolonged release which is very important for pharmacokinetics and for anti-cancer drugs.
The drug release mechanism was found to be degradation controlled rather than diffusion
controlled.

The PPF prepolymer was conjugated to folic acid in attempt to prepare PPF-FA/VPA
particles through UV miniemulsion polymerization that can be used as anti-cancer drug
delivery agents with tumor-specific targeting ability. Both FT-IR and 'H-NMR
spectroscopic analysis confirmed the conjugation of FA to PPF.

After PPF-FA synthesis, PPF-FA/VPA nanoparticles were synthesized via UV
miniemulsion polymerization. The highest gel content (88.2 percent) was obtained for PPF-

FA/VPA nanoparticles synthesized using 3 wt. percent BAPO, 0.06wt percent TAA, 9wt
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percent surfactant with 10 minutes of homogenization time at 1000 RPM. DSC analysis of
the PPF-FA/VPA particles also indicated the completion of the cure reaction. However,
SEM analysis showed that this formulation resulted in the formation of microplates rather
than particles. The increase of surfactant concentration from 9 to 15 wt. percent triggered
the formation of spherical particles along with microplates. However, PPF-FA/VPA
formulation and synthesis must be further optimized for particle formation before these
particles can be used as drug delivery agents.

All in all, novel PPF/VPA based nanoparticles with tunable acidic properties were prepared
for the first time via UV mini emulsion polymerization [111]. The PPF/VPA nanoparticles
exhibited a linear and prolonged release of the encapsulated model anticancer drug Paclitaxel
through 84 days showing these particles to be candidates as anticancer drug delivery agents.
In addition, FA was conjugated to the PPF prepolymer successfully and the synthesis of the
PPF-FA/VPA nanoparticles through UV mini emulsion polymerization gave promising

results for their development as drug delivery agents with tumor specific targeting ability.
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7. FUTURE WORK

As a future work, PPF and FA reaction can be carried at different mole ratios to ensure the
conversion of all PPF hydroxyls to FA esters. In addition, an obvious future work for this
study is the optimization of the PPF-FA/VPA synthesis conditions to get a homogenous
distribution of spherical particles. Furter studies on the change of surfactant and/or surfactant
concentration, BAPO initiator and TAA co-catalyst concentration, VPA comonomer
concentration, homogenization and UV light exposure times and homogenization speed can
all be performed. In addition, drug release profiles from the PPF/VPA particles at different
pH mediums can also be explored as the swelling of the network must change with changing

acidity of the medium due to VPA component of the matrix.
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Figure A.1. GPC chromatogram of the synthesized PPF




