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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF FATTY ACID BASED
HYPERBRANCHED POLYMERS FOR ANTI-CANCER DRUG DELIVERY

Gug, Esra

MSc., Department of Biology
Supervisor: Prof. Dr. Ufuk Gunduz

Co-Supervisor: Prof. Dr. Gungér Gunduz

June 2008, 114 pages

Conventional methods of chemotherapy requires novel therapy systems due to
serious side effects and inefficiency of drug administration. In recent years many
studies are carried out to improve drug delivery systems. Polymers are one of the
most important elements for drug delivery research due to their versatility. By the
discovery of dendritic polymers, drug delivery studies gained a new vision. Highly
branched monodisperse structure, multiple sites of attachment, well-defined size and
controllable physical and chemical properties make them efficient drug delivery

systems.

In this research hyperbranched dendritic polymers were sythesized and
characterized for hydrophobic drug delivery. Dipentaerythritol which was used as
core molecule, esterified with dimethylol propionic acid. Ricinoleic acid was esterified
with the end groups of dimethylol propionic acid and hyperbranched resin (HBR) was
formed. By considering the properties of HBR, hydrophobic tamoxifen and idarubicin
were used for drug delivery study. The most efficient loading was determined as
73% for tamoxifen and 74% for idarubicin. Drug-HBR interactions and changes in
properties of HBR were determined by FTIR, zeta potential and particle size

measurements. FTIR results indicated that idarubicin chemically interacted with HBR



while tamoxifen physically loaded to HBR. Drug delivery profile of HBR was studied
in the absence and presence of lipase from Pseudomonas sp. and sodium dodecyl
sulfate (SDS). Results revelaed that lipase and SDS increased the release rate of
tamoxifen while idarubicin release rate was not affected. The effect of lipase was
also tested for the degradation of HBR and it was indicated that lipase sustain a
faster degradation. Finally toxicity of HBR and drug loaded HBR on MCF-7 breast
cancer cell line was determined with XTT proliferation assay. Empty HBR did not
cause significant toxicity on MCF-7 cells while drug loaded HBR was more toxic than
free drug. By this study the efficiency of novel synthesized hyperbranched polymer in

drug delivery was shown.

Keywords: Controlled Drug Delivery, Hyperbranched Polymers, Idarubicin,

Tamoxifen.
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YAG A_SiDi KOKENLi ASIRI DALLI PO_LiMER SENTEZI, OZELLIKLERININ
BELIRLENMESI ve ANTI-KANSER ILAC SALIMINDA KULLANILMASI

Gug, Esra

Yuksek Lisans, Biyoloji Bolumu
Tez Yoneticisi: Prof. Dr. Ufuk Gunduz
Ortak Tez Yoneticisi: Prof. Dr. Gungor Gunduz

Haziran 2008, 114 sayfa

Klasik kemoterapi yontemleri ciddi yan etkilere neden olmakta ve ilacin tUumor
Uzerindeki etkileri yetersiz kalmaktadir. Bu nedenle son vyillarda, yeni ila¢g salim
sistemleri gelistiriimigtir. Polimerler sahip oldugu &zellikler sayesinde ilag salim
calismalarinda kullanilan  biyomalzemelerin  basinda gelmektedir. Dallanik
polimerlerin Uretilmesi ile birlikte ilag salim c¢alismalari yeni bir boyut kazanmistir.
Dalli yapilari, ¢coklu baglanma gruplari, fiziksel ve kimyasal 6zelliklerinin kontrol

edilebilmesi bu polimerleri ilag salim galismalarinda etkin kilmaktadir.

Bu calismada asin dalli polimerlerin sentezi igin, ¢ekirdek molekil olarak
dipentaeritritol kullanilmis ve dimetilol propiyonik asit ile esterlesmesi saglanmistir.
Polimere hidrofobik 6zellik kazandirmak i¢in ug¢ gruplar risinoleik asit ile
esterlestiriimistir ve asirn dalli reginenin (ADR) olusmasi saglanmistir. ila¢ saliminda
karsilasilan sorunlar en cok hidrofobik yapidaki ilaglardan kaynaklanmaktadir, bu
nedenle bu calismada hidrofobik yapidaki anti-kanser ilaglardan tamoksifen ve
idarubisin ADR’ye yiiklenmistir. idarubisin en fazla %74 oraninda, tamoksifen ise
%73 oraninda tutuklanmistir. ilag-ADR iligkisi ve ADR yapisindaki degisiklikler FTIR,

zeta potansiyel ve parcacik boyut analizleri ile belirlenmistir. FTIR sonucunda

Vi



idarubisinin ADR’ye kimyasal olarak, tamoksifenin ise fiziksel olarak tutundugu
belirlenmistir. ilag salim calismalari icin Pseudomonas sp. lipazi ve sodyum dodesil
sulfat eklenmis ve salim hizi Gzerindeki etkileri incelenmistir. Elde edilen sonuclar
iIsiginda tamoksifenin salim hizinin arttigi, bununla birlikte idarubisinin salim hizinda
herhangi bir artma olmadigdi belirlenmistir.  ADR’nin yikim &zellikleri icin de lipazin
etkileri calisiimis ve yikimin lipaz eklendigi zaman arttigi tespit edilmistir. Calismanin
son asamasinda bos ve ila¢ yiklenmis ADR’nin MCF-7 meme kanseri hicre hatti
Uzerindeki sitotksik etkileri XTT proliferasyon kiti kullanilarak belirlenmigtir. ADR’nin
MCF-7 hucre hatlarinda toksik etkiye neden olmadidi bununla birlikte ilag yiklenmis
yapilarin serbest ilag uygulamasina oranla daha fazla toksik etki yarattigi
belirlenmigtir. Tum bu sonuglar tasarlanan asiri dalli polimerin ilag saliminda etkili

sekilde kullanildigini gostermisgtir.

Anahtar Kelimeler: Kontrolli ilag Salimi, Asiri Dalli Polimerler, idarubisin,

Tamoksifen.
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CHAPTER 1

INTRODUCTION

1.1 Biology of Cancer

Cancer is formed by breaking down of the regulatory systems of normal cells. Cells
grow and divide without responding appropriately to the signal that control normal
cell behavior and start to invade to the normal tissues and finally spread whole body.
There are also many differences from one type of the cancer to the other which
make it impossible to identify the properties of the cancer in one type of definition
(Cooper 2000, Karp 2002).

Cancer cells might be transformed into two types of tumors: benign or malignant.
Benign tumors are similar to the tissue which they came from, they grow slowly and
they do not invade to the other tissues. However, a malignant tumor invades to the
other type of tissues and spread to body by circulatory lymphatic systems
(metastases). Malignant cells often express the gene of telomerase which by this
way the end of chromosome after DNA replication does not shorten (Purves et al.
2001, Cooper 2000).

Normal human cells are named according to the embryonic tissue origin, which is
also be used for naming of tumor cells. If malignant tumors are derived from
endoderm or ectoderm they classified as carcinomas and if they derived from

mesoderm then they are named as sarcomas (Alberts et al. 2001).



1.1.1 Development of Cancer Cells

Development of cancer cell is a multi-step of process. The first step is the tumor
initiation which could be the result of genetic alteration and abnormal cell
proliferation of a single cell. By genetic alteration and deformation a typical cancer
cell fail to respond apoptosis which make cells immortal that distinguishes many
cancer cells from normal cells. Some tumor mutants continue to progress by
additional mutations and have a success over other type of tumor populations which
the ratio of the number of survival becomes higher than the rest. Selection makes
them dominant within the tumor population (Cooper 2000, Lodish et al. 2000, Alberts
et al. 2001). Even after they have become malignant, cancer cells continue to
accumulate mutations and gain new properties which make them even more

dangerous (Karp 2002).

Malignant tumors secrete chemical signals and growth factors that cause blood
vessel growth, by this way oxygen and nutrients are supplied to the tumor. The
process called angiogenesis. Angiogenesis can be summarized in a few steps:
degradation of the basal lamina that surrounds a nearby capillary, migration of
endothelial cells lining the capillary into the tumor, division of these endothelial cells,
and formation of a new basement membrane around the newly elongated capillary
(Purves et al. 2001, Lodish et al. 2000).

During the development of cancer some morphological changes occur in cytoplasm
which involves organization of cytoskeleton and cell surface. Different from normal
cells, cancer cells become less adhesive and motility activity continues with
proliferation even contact with the neighboring cells. These changes provoke
metastasis and cells break their contacts with other cells and other barriers. As a
result, metastatic cells invade to circulation and they adjoin to other type of tissues
(Karp 2002, Lodish et al. 2000.)

Carcinogens and epigenetic changes that cause an irreversible damage are called
tumor initiators. In general the genetic error occurs by alteration of molecular

structure of DNA or forming DNA adduct between chemical carcinogen and a



nucleotide in DNA. Solar ultraviolet radiation is the initiating agents that cause skin
cancer. The carcinogens in tobacco smoke are also initiator agents that cause
various types of cancers. Another type of carcinogen is the tumor promoters. They
are non-mutagenic and are not carcinogenic alone. They induce tumor formation
with a dose of initiator that is too low to be carcinogenic alone. Estrogen hormones
could be example to the tumor promoters. They might cause endometrial cancer

under the condition of excess stimulation (Cooper 2000, Kufe et al. 2003).

Generally transformation of cancer occurs by alteration in two kinds of genes: tumor
suppressor genes and oncogenes. Tumor suppressor genes encode proteins that
sustain cell growth and prevent cells being malignant. The absence and mutation of
these genes are correlated with tumor growth. On the contrary, a gene that encodes
proteins which promote loss of growth control and convert the cells into the
malignant state is called oncogenes. Oncogenes are activated by mutation of proto-

oncogenes which have various functions in normal cell activities (Karp 2002).

In addition to genetic modifications, the causes of many cancers are associated with
chromosomal transformations and reorganizations involving deletion, duplication

which causes the changes in the activity of the genes (Demetci 2007).

1.2 Cancer Chemotherapy

To treat cancer, three major ways are commonly used: radiation therapy, surgery
and chemotherapy. Due to limitations of other techniques, chemotherapy is the most

efficient way to treat the metastatic cancers.

During last 50 years almost 500.000 of natural and synthetic compounds have been
tested for anti-cancer activity but only about 25 of these drugs are used today which
shows the difficulty of the success of the therapy (Denny 2005). Current
chemotherapy drugs in general, work by blocking cell division or causing apoptosis
mainly targeting fast dividing cells which make the drug as cytotoxic (Wikipedia
2008).



1.2.1 Types

Chemotherapy drugs are categorized as:

o Alkylating agents: These agents add alkyl groups to electronegative groups

in the cells and permanently attach to the DNA, distorting its shape, prevent
cell division process by cross-linking and breaking the DNA strands and
cause abnormal base pairing. Cyclophosphamide, melphalan, procarbazine

and bisulfan are some of the commonly used alkylating agents.

o Antimetabolites: These compounds behave as purines or pyrimidines and

incorporate into bulding blocks of DNA or RNA to inhibit cell divisions of the
dividing tumor cells. 6-mercaptopurine and 5-fluorouracil (5-FU) are two

commonly used antimetabolites that could be used various types of cancer.

e Anthracyclines: These are working by forming free oxygen radicals that

break DNA strands and inhibit DNA synthesis and function. Anthracyclines
form complex with DNA and enzyme to inhibit topoisomerase enzyme.
Topoisomerase causes supercoiling of DNA, allows DNA repair, transcription
and replication. Doxorubicin, epirubicin, idarubicin are the examples of the

commonly used anthracyclines.

e Antitumor antibiotics: Function these drugs are similar with anthracyclines.

In general, this class of drug is used in combination chemotherapy.

Bleomycin is the example of commonly used antitumor antibiotics.

¢ Monoclonal antibodies: This treatment was accepted in 1997 by Food and

Drug Administration (FDA). They attach to the tumor cells and provoke
immune system reaction; by this way tumor specific antigens are targeted.
They also prevent the growth of cancer cells. Alemtuzumab (Campath),

bevacizumab (Avastin), cetuximab (Erbitux) are the examples.



e Platinum: These agents work by cross-linking with  DNA subunits and
malfunctioning DNA synthesis transcription and function. Cisplatin is the most

commonly used platinum-based metal derivative.

e Plant Alkaloid: They are plant derivatives and these types of drugs are

classified into four categories: topoisomerase inhibitors (Type | and Type I
inhibitors interfere with DNA transcription, replication and function to prevent
DNA supercoiling, e.g. camptothecins), vinca alkaloids (inhibit tubulin
assembly in the M phase of cell cycle, e.g. vincristine, vinblastine), taxanes
(microtubules function is inhibited, e.g. paclitaxel, docetaxel) and
epipodophyllotoxins (effective in G1 and S phase of cell cycle, e.g.
etoptoside) (Mesothelomia 2008, Wikipedia 2008).

In addition to chemotherapy, hormonal therapy is also useful for some types of
tumors. Although the mechanism does not clarify, steroid hormones disrupt the
growth of hormone sensitive cancer types. As an example, tamoxifen which is a
selective estrogen dependent modulator is used in breast cancer therapies (Oncolink
2001).

1.2.2 Route of Delivery

Most of the chemotherapeutic drugs are given by injection through the vein
(intravenously). In some cases drug could also be injected through muscle, skin or
directly to the tumor site. Besides there are numerous agents like melphalan or
tamoxifen that could be given by orally. For skin cancers chemotherapy could be
given topically by lotions or gels or could directly be applied onto the skin surface
(Wikipedia 2008, Jelic 2005).

1.3 Drug Delivery Systems
In all types of drug delivery systems, the main principle is ability to target and Kill

cancer cells without damaging healthy cells. However, in conventional therapies drug

is distributed to whole body and it leads to serious side effects. In addition, in order



to obtain satisfactory pharmacological reaction, high dose of drug has to be applied
to the patient (Nori et al. 2004, Peppas et al. 2004). Table 1.1 summarizes the most

common problems in conventional chemotherapy.

Table 1.1 The problems of the conventional drug therapies (Allen et al. 2004).

Problem Statement

Since there is no mechanism to inhibit
the distribution of the drug to whole
Poor biodistribution body, normal tissues are affected and
dose limiting side effects are observed
(like  cardiotoxicity in  doxorubicin

therapies).

Toxic drugs are cleared so rapidly by the
Unwanted pharmacokinetic kidney. In order to obtain desired drug
properties level, high doses should be given in

continuous time periods.

By conventional chemotherapy
Poor solubility methods, poorly soluble drugs might

precipitate in aqueous solutions.

Uncontrolled extravasation of cytotoxic
Tissue damage on extravasation drugs leads to tumor necrosis and tissue

damage.




Table 1.1 The problems of the conventional drug therapies (Allen et al. 2004) (Continued).

Because of the physiological differences
Early and rapid breaking down drug might be broken down. As an
example, camptothecins break down at

physiological pH.

Since no targeting elements are present,
drug could distribute to the normal
. _ tissues which decreases the dose of the
No targeting to selected tissues o )
administered drug in cancer cells. Low
concentration of the drug might lead to

suboptimal therapeutic effects.

1.3.1 Controlled Drug Delivery Systems

Novel therapeutic technologies are based on rational design and highly targeted
delivery of the chemotherapeutic drugs. More effort is required for drug designing,
toxicological testing or finding appropriate drug vehicles instead of application of

non-specific drug compositions (Razzacki et al. 2003).

The aim of many drug delivery systems is to maintain the desired dose of drug in
blood in long period. In conventional therapies due to the problems that were
mentioned before, it is impossible to sustain the dose in desired time periods (Figure
1.1). In controlled drug delivery systems it is designed by considering the key points;
the agents should acted. For example by using both hydrophilic and hydrophobic
carriers, solubility of poorly soluble drugs could be sustained in aqueous medium.
Controlled release property could also inhibit accidental extravasations and tissue
damages. In addition, carriers protect drug from early breakdown and

pharmacokinetic behavior of the drugs are altered. By these systems since drug



does not spread to whole body, side effects are reduced and it did not reach to non-
targeted tissues (Allen et al. 2004).
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Figure 1.1 Conventional and desired drug release profiles. (MEC; Minimum efficient

concentration, MTC; maximum tolerable concentration) (Drugdel.com 2005).

There are many structural and physical differences between cancer and normal cells
which can be used for the designing of drug delivery systems. There are three
destinations for targeting these systems; tumor cells, extracellular space and tumor
vasculature. Tumor vasculature forms blood vessels and creates angiogenesis in
order to sustain the growth of tumor. Since cancer tissues have the enhanced
permeation and retention effect (EPR), nanoparticles and high molecular weight
molecules accumulated to the tumor site with higher concentration than the normal
tissues (Figure 1.2). To avoid extravasation of the particles into healthy tissues, the
optimum size has to be determined. The endothelium of healthy blood vessels has a
pore size 2nm and postcapillary venules have 6nm of pores. The vasculature pore
size of tumor tissue is between 100 to 780nm. Therefore optimum size of the
particles should be in range between 50-150nm sizes (Ulbrich et al. 2003, Marcucci
et al. 2004).
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Figure 1.2 lllustration of enhanced permeation and retention effect (EPR) in tumor cells.
(Ulbrich et al. 2003).

As a result of passive or active targeting through the cells, particles are internalized
by endocytosis upon interaction of ligands with cell surface receptors. Internalized
drug loaded particles then accumulated into the lysosomes. In lysosomes particles
effected by enzyme and/or pH dependent disintegration makes the drug diffuse out
from the system. Drug is released from these organelles and passes through the

cytosol or nucleus in order to show its efficiency (Marcucci et al. 2004).

It has been known that tumor environment has more different conditions than normal
healthy tissues like pH, presence of lipases, enzymes and oxidizing agents. In recent

years the studies in certain type of tissues like breast cancer tissues have been



shown that tumor cells have higher enzymatic activity with post-translational
modifications and up and down regulation mechanisms (Jessani et al. 2004). These
type of differences results in rapid degradation of the particles in tumor
microenvironment and in certain cases particles could not internalized into the cells

but drug enter through passive diffusion or active transport (Marcucci et al. 2004).

1.3.2 Nano Drug Delivery Systems

The need of delivering drug to the targeted site with desired therapeutic efficiency
encouraged researchers to develop new vehicles for drug delivery technology. A
variety of drug carriers are FDA approved or in clinical research process including
polymeric nano and micro particles, microcapsules, liposomes. Besides, there are
also many new drug delivery systems that are in progress including implanted
chemotherapy wafers, inhalation of polymeric materials to sustain gene or drug
delivery to the lung, ultrasound mediated drug delivery, etc. (Orive et al. 2005, Singh
2006).

The terms “nanoparticle” and “microparticle” are referred to the particles in
nanometer (<1um) and micrometer (1-1000um). Nanoparticles and microparticles
are most commonly used vehicles for the drug delivery studies. Especially
nanoparticles have numerous advantages due to the size advantage. They have
smaller surface to volume ratio than microparticles, as a result greater proportion of
the drug can access to the internal aqueous phase. In addition, water can penetrate
into the particles more efficiently which increase the diffusion of the drug to the
external medium. Second advantage is the fate of the particles after injection.
Nanoparticles can easily circulate through the vasculature and does not cause any
size dependent embolism as microparticles do. They can also cross through certain
size dependent barriers like blood brain barrier and sustains the delivery (Kohane
2006).

10



Internal cavity

Nanocapsule Dendrimer

Polymeric micelles Liposome

Figure 1.3 Schematic representations of nanoparticles that are studied for cancer

chemotherapy (Orive et al. 2005).

Depending on the aim of the therapy numerous types of nanoparticles could be
used. Recently used nanoparticles are shown in Figure 1.3. The main

characteristics of these particles are listed below:

e Nanocapsules: They are vesicular systems, polymeric membrane surrounds

and form capsules.

e Nanospheres: Polymeric matrix is dispersed uniformly and physically.

e Micelles: They are both hydrophilic and hydrophobic and can be safely
associated in aqueous medium.

e Liposomes: They are formed from phospholipids and cholesterol which
forms an artificial membrane spheres.

e Ceramic Nanoparticles: They are composed from inorganic materials like

silica or titania.
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e Dendritic Polymers: Macromolecules that are branched around inner core.

e SLN particles: Composed of solid lipid particles (Orive et al. 2005).

1.4 Polymers

1.4.1 General Concepts

Polymers are structures of high molecular weight macromolecules and they are
composed from repetitive units called monomers. Polymers could be divided as
biological polymers and non-biological polymers, in other words synthetic polymers.
Some of the biological polymers are starch, cellulose and proteins. Science of
synthetic polymer technology was begun in 1930s and today polymer industry is
tremendously developed and could be used in various areas of science and industry
(Bellmeyer 1984).

Polymer formation by repetition of monomers could be linear, branched, cross-linked
or network structures depending on the interconnection of monomers. The most
distinguishing property of polymers from other low molecular weight species is the
distribution of chain length, means molecular weight distribution. Even different
determination methods are used; experimental measurement of polymers always
gives the average values which are an important parameter for characterization
processes (Billmeyer 1984). By changing molecular weight, physical properties of
the polymers could also be differed like toughness, viscosity, melting temperature,

tensile strength, etc.

Polymerization were divided by Flory (1953) and Carothers 1940) into two groups;
namely condensation and addition polymerization. In addition or chain reaction
polymerization initiators could be an ion or free radical. Polymerization process
occurs in a very short time with addition of monomers to the growing chain (Billmeyer
1984). In condensation polymerization technique, polymers are produced from
carboxylic acids and their derivatives like esters and acid chlorides. By the end of
polymerization some of the by products are formed such as water, ammonia, HCI,

etc. Unlike addition type of polymerization in condensation polymers all monomers
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are present in the polymers and synthesis of polymers occurs in slow reaction. By
the end of the synthesis low molecular weight polymer is formed with active end
groups that can be used for further reactions. There are various types of
condensation polymers, the most common ones are polyamides, polyesters,

polycarbonates, phenolic resins, urethanes (Billmeyer 1984, Reusch 1999).

Due to various advantages and facilities of polymers these macromolecules are also
preferred in medical applications. They could be used in tissue engineering, artificial
organs, dental fillings, bone replacement and repair, lenses, drug delivery studies,

gene therapy studies, etc (Hule 2007).

1.4.2 Polymers in Controlled Drug Delivery Systems

Since the earliest drug delivery systems in 1970s, polymeric systems have been still
the most preferred synthetic molecules in drug delivery technology. The studies
show that these biomaterials are effective in drug targeting, have low systemic
toxicity, improves absorption rates and they protect drug from an early degradation.
In addition, polymers have unique characteristics which make hem special for drug
delivery studies. Firstly, they have wide range of molecular weight distributions and
have special properties related with phase transitions. They can interact and
condense when heated and able to dissolute in various conditions. Besides, they
have biodegradation property and by manipulating chemical, structural or physical
properties of biodegradation could be controlled. Major factor that affect degradation
are chemical structure, composition, presence of ionic groups, molecular weight
distribution, physicochemical factors, processing conditions, etc (Vogelson 2008,
Noble 2004, Peppas 1997).

The earliest polymer that has been worked by researchers was chosen because of
their properties. For example poly(urethanes) were used for elasticity,
poly(ethylenes) were preferred for its toughness and lack of swelling and poly(vinyl
pyrrolidone) was used for suspension capabilities. Beside these polymers, in recent

years other type of the polymers are mostly used, like poly(vinyl alcohol),
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poly(ethylene glycol), polylactides, poly(lactide-co-glycolide), polyanhydrides
(Peppas 1997).

1.4.3 Controlled Release Mechanisms from Polymers

There are three types of mechanisms that sustain the delivery of the drug; diffusion,
degradation and swelling followed by diffusion (Figure 1.4). The three mechanisms
could be achieved by increasing of the pore sizes of the polymer by changing the
physiological condition of the external environment. By changing pH, ionic strength,
chemical species, enzyme substrate, magnetic, thermal, electrical and ultrasound
irradiation properties controlled release mechanisms are stimulated by increasing

pore size, swelling or degradation of the polymers.

In diffusion process drug could pass through the pores or between polymer chains.
In monolayer type of polymers drug is directly diffused out from the system to the
external environment. Diffuse rate slows down by increasing the time of diffusion.
For membrane controlled devices solid drug, highly dilute or highly concentrated
drug are encapsulated into the core surround by polymeric membrane. Drug is

released by rate controlling diffusion.

Drug encapsulated hydrophilic polymers that are dry or glassy could swell when
placed in aqueous environment of body fluid or when changing physiological

conditions. These types of systems are ideally used for oral delivery.

In most of the controlled delivery devices, biodegradable polymers are used.
Polymers could be hydrolytically or enzymatically degraded or be broken down by
metabolic processes. Poly(lactides co-glycolides), poly(glycolides) are the examples

of biodegradable polymers (Noble 2001, Peppas 1997).
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Figure 1.4 Controlled release mechanisms of polymers: diffusion (a), swelling (b),
erosion/biodegradation (c) (Sigma-Aldrich 2008).

1.5 Dendritic Polymers

Dendritic polymers are the fourth major class of macromolecules after linear,
crosslinked and branched polymers (Figure 1.5). These polymers are divided into
four subgroups namely; hyperbranched polymers, dendrigraft polymers, dendrons
and dendrimers (Tomalia et al. 2002). Dendritic polymers composed of core
molecule with two or more functional groups which surround the core with branched
repeated groups (ABx type). Each surrounding of repetitive elements forms a

generation.

The term dendrimer is orginated from Greek words “dendron” (tree) and “meios”
(part) (Bat 2005). They are nanosized particles that are highly and uniformly

branched structure. They are composed of central core branching units and terminal
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groups and synthesis is obtained by multi-step process. Regularly branched well
defined structures, low polydispersity index and multifunctional surface offers

advantage in various areas.

Linear Crosslinked Branched
Plexiglas, nylon Rubbers, epoxies Low density polyethylene
Dendritic

Random hyperbranched Dendrigrafts Dendrons Dendrimers
— B Y
X X
: !ZZQ ?__.;—mi (,_i
()

Figure 1.5 Major macromolecular classes; linear (a), crosslinked (b), branched (c), dendritic
(d) (Tomalia et al. 2002).

Hyperbranched polymers have also branched structure with nanocavities but the
difference from dendrimers is that they have nonsymmetrical polydispersed
structures. In addition, syntheses of hyperbranched polymers are more convenient
so they can be synthesized by less expensive methods with higher yields (Paleos et
al. 2007).

Due to various uniform properties of dendritic polymers they have different

application areas including drug delivery studies, imaging materials, diagnostics,

optoelectronics, unimolecular nanoreactors (Fréchet et al. 2003).
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1.5.1 Synthesis of Dendrimers

Dendrimers could be synthesized by two methods; divergent and convergent
methods. Divergent synthesis which was firstly developed by Tomalia, occurs by
polymerization of core molecules with the monomers by forming branching structure
through outer region which forms generation. In this method, large quantities of
polymer could be synthesized, however to sustain perfect generation excess
monomers has to be used which lead to the chromatographic separation after each
generation. As a result of divergent synthesis, some side reactions might also be
observed and incomplete end branches might be synthesized. To eliminate these
problems, another method was developed by Hawker and Fréchet which was named
as convergent synthesis. By this method monomers are polymerized stepwise but
starting from end groups to the inwards. As a result of convergent dendrimer
formation, no excess purification steps are required and unwanted incomplete
formations are minimized. Since polymerization is started from end groups, the
formation of the generation is more limited than the divergently synthesized
dendrimers (Swenson et al 2005, Klajnert et al. 2001). The illustration and properties

of both divergent and convergent methods are given in Figure 1.6.

chain end

CONYERGEMT SYNTHESIS
-number of reactions per growth step
remains constant

-defect structures mare readily
seperated

-net mass decrease

DWERGENT SYMNTHESIS
-nurnber of reactions per
growth step increases

- slight structural defetcs
occurin large dendrimers
-net mass increase

Figure 1.6 Schematic representation of convergent and divergent dendrimers (Tomalia et al.
2002).
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1.5.2 Synthesis of Hyperbranched Polymers

As discussed previously, hyperbranched polymers and dendrimers have many
common properties like several terminal groups, globular shape and large extent of
end functional groups which cause higher solubility. In order to synthesize perfectly
regular structure of dendrimers, convergent or divergent synthesis methods are used
that requires time consuming purification. However for polymerization of
hyperbranched polymers, one-step polymerization technique could be used such as
by using AB, type of monomers (xs<2), self-condensing vinyl polymerization and
radical alternating copolymerization (Bharathi et al. 2000, Cheng 2003). The
polymerization of ABy type of monomers without controlling over the growth process
was first discussed by Flory (Malmstrém 1995). The representation of polymerization

of AB, type monomers was illustrated in Figure 1.7.
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Figure 1.7 Representation of hyperbranch formation of AB, type of monomers (Yates et al.
2004).

The generation of hyperbranched polymers by one-step procedure provides larger
yields, however controlling of molecular weight distribution is an important

parameter, since molecular mass could be highly distributed. Molar mass and
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polydispersity index of hyperbranched polymers depend on the polymerization of the

monomers (Zagar et al. 2002).

Several studies have been achieved to lower the polydisperstiy of hyperbranched
polymers. The theoretical studies of Frey et al. and Miuller have shown the way of
narrowing molecular weight distribution and controlling molecular weight which could
be achieved by introduction of multifunctional core molecules. Bharati et al. and
research of Fréchet et al was also studied on the same problem and they resulted
that slow monomer addition to the core molecules in systematic conditions sustains
lower polydispersity index with control over molecular weight (Bharathi et al. 2000).
Malmstrom et al. (1994) was also studied aliphatic hyperbranched polymers by using
2,2-bis(hydroxymethyl)propionic acid (bis-MPA) as an ABx monomer and 2-ethyl-2-
(hydroxymethyl)-1,3-propanediol (TMP) as a core moiety. Narrowly distributed
hyperbranched polymers were successed under acid catalyst and involved no

purification steps.

1.5.3 Aliphatic Polyesters

There are many important hyperbranched polymer types that can be used in various
areas. Some of the known hyperbranched polymers are include polyphenylenes,
polyesters, aliphatic polyesters, aromatic polyesters, polyesters, polyamides, vinyl

polymers, etc.

Aliphatic polyesters are member of large family that are originated either naturally (B-
hydroxy acid) or synthetically (polycondensation of hydroxyl acids, and diacids,
dialcohols or condensation of lactone-type heterocycles) (Vert 2005). For example
2,2 bis methylol propionic acid (dimethylolpropionic acid [DMPA]) is one of the
monomer that is used for the synthesis. For the aliphatic hyperbranched polyester
the only commercially available ones are found Perstorp, Sweden and named as

Boltorn™.

Aliphatic polyesters are also preferred for the drug delivery studies. In the study of

Padilla de Jesus and co-workers (2001) they prepared hydrophilic polymeric
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scaffolds by using DMPA. Then they covalently attached doxorubicin molecules to
the hydrazone group of the high molecular weight 3-arm (polyethylene oxide)
dendrimer hybrid. By this conjugation, serum half life of doxorubicin increased and
drug release was sustained as a response to pH. Another study was carried on by
Zou et al. (2005) which they used sustained a novel controlled release system based
on polyesters. The used Boltorn™ (H20) with succinic hydride and succinic
anhydride and then glycidyl methacrylate, and nanoparticles are formed in aqueous
solution. They studied the delivery of daidzein, a hydrophobic Chinese medicine, and

showed the encapsulation and release behaviour of the system.

1.6 Dendritic Polymers in Drug Delivery Applications

Dendritic polymers have several advantages over linear polymers in drug delivery
applications. Branched structure forms nanocavities between repeated groups and
terminal groups of multibranched structure serves as a more than one functional
group. By these properties dendritic molecules can be used for attaching more than
one type of drug, targeting group or solubilizing agent (Gillies et al. 2005, Patri et al.
2002).

There are several of examples of dendritic polymers that are commonly used in drug
delivery studies. Polyamidoamine dendrimers (PAMAM) are the first dendrimers that
are commonly used in drug delivery and gene delivery studies. Since amine end
groups and polycationic surface charges of PAMAM dendrimers could create toxicity,
these dendrimers could be modified by hydrophilic polymers such as poly (ethylene

oxide) and poly (ethylene glycol) (Papagiannaros et al. 2005, Gillies et al. 2005).

In recent years dendritic aliphatic polymers based on polyesters gain considerable
attention due to biocompatible hydrophilic and nontoxic behavior without making any
further modification. Commercially available Boltorn™ hyperbranched aliphatic
polyester and dendritic polyester that was synthesized by using dimethylol propionic
acid (DMPA) are the examples that are preferred for the recent drug delivery studies
(Ihre et al. 2002, Zou et al. 2005).
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Dendritic polymer could interact with drug in two ways. By using dendritic polymers
as dendtiric boxes, a non-covalent interaction could be obtained with drug. In certain
cases where branches of the polymer do not enough to keep drug in the branches,
drug could be released so rapidly. To inhibit uncontrolled release long chain
polymers or biological products could be used. In the review of Gillies et al. (2005), a

study that was done by using poly (ethylene oxide) was given as an example.

Dendritic polymers could also covalently attach to the drugs. As an example, in the
study of Duncan and co-workers (1996) PAMAM dendrimers was covalently
attached to the cisplatin drugs which this conjugation decreased the systemic toxicity

and increased the solubility of the drug.

More than 40% of drugs that are discovered by pharmaceutical companies are
hydrophobic so solubilizing drug in aqueous medium appears to be one of the major
problems. Dendritic polymers with hydrophobic cores and hydrophilic outer groups
behave as a micellar behavior which makes them one of the ideal candidates to

sustain solubility of hydrophobic drugs (Gupta et al. 2006).

Najlah et al. (2006) discussed the crossing cellular barriers by dendrimer
nanotechnologies. Cationic surface charged polymers may interact electrostatically
with negatively charged epithelial cells and could enter via fluid phase pinocytosis. In
addition Najlah et al. discussed another study which shows the mechanism of
internalization by using gold-dendrimer nanocomposites. Nanocomposites that
applied to Caco-2 cells shows endocytosis mediated internalization of cells. By this
property dendrimers and hyperbranched polymer could also be used for gene

delivery studies as an ideal candidate for non-viral delivery.
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1.7 Degradation of Aliphatic Polyesters by Lipases

Lipases are water soluble enzymes that effects on water insoluble substrates and
they are activated when they adsorbed onto the oil-water interface. It was reported
that lipases could enzymatically degrade polyesters from their ester bonds and
produces lower mass oligomers that become water soluble (Rizarelli et al 2004,
Mueller et al. 2006).

First studies about enzymatic degradation were carried on by Tokiwa and Suzuki
and detailed degradation studies with lipases were worked by Marten et al. (Herzog
et al 2006). In these studies the most common way to determine the enzymatic
degradation is measuring weight loss of the polyester or determines the molecular

weight changes.

The rate of enzymatic degradation could be affected by several parameters including
molar mass, chemical structure, copolymer composition, stereochemistry and chain
mobility. Hydrophobicity, hydrophilicity, type of ester bond and type of the enzymes
are the other factors that affect the degradation rate of the polyesters (Marten et al
2005, Rizarelli et al 2004).

When the degradation of polyester types is compared, studies indicate that
polyesters that are composed of aliphatic polyesters are more degradable than
aromatic polyesters. Aromatic polyesters are generally characterized by biologically
inert and it was detected that enzymatic degradation is slowed down by increasing

aromatic groups to the copolyesters (Mueller et al. 2006).

In vitro degradation studies of aliphatic polyesters are generally worked by lipases of
microorganisms. R. delemer lipase, Rhizopus arrhizus lipase, Pseudomonas cepacia
lipase, Pseudomonas sp. lipase are the examples that are commonly used for the

enzymatic degradation studies (Miao et al. 2005).
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1.8Role of Lipids in Drug Delivery

Lipids are natural organic molecules that are insoluble in water whereas soluble in
non-polar organic solvents. Lipids could be listed as fatty acids, soap detergents,
fats, oils, waxes, phospholipids, eicosonoids, terpenes, steroids, lipid soluble

vitamins or molecules that are found in biosynthetic pathways (Reusch 1999).

Lipid based drug delivery systems in the form of liposomes, triglycerides, fatty acids
or micellar systems have been worked for many years. They have properties that are
favored for delivery systems. Most of the lipid based systems are used for the
delivery of toxic hydrophobic drugs and prevent the fragile ones from early
degradation. By lipids passive targeting is also more effective than other hydrophilic
systems and has long-circulating property which prevents an early break down.
There are many clinically approved lipid based delivery agents which preferred for
the therapies like AmBisome®, Visudyne® DOXIL®, Myocet® (Nothern Lipids Inc.
2008).

1.8.1 Fatty Acids in Drug Delivery Studies

Fatty acids are found in oils or fats. By hydrolyzing of triesters, oils or fats become
fatty acids, glycerol or fatty alcohols and it could be modified to other forms (Papkov
et al 2008).

Fatty acids and lipids are commonly preferred in drug delivery systems. These types
of drug delivery agents could enhance bioavailability of lipophilic drugs. In addition,
lipid and fatty acid based carriers are easily captured by lymphatic cells which makes

them good candidate for lymphatic targeting (Suresh et al. 2007).

Fatty acid based polymeric formulations have several advantages including flexibility,
low viscosity, low melting point which makes the injection or implantation more
easily. Due to hydrophobic character it could entrap lipophilic drugs longer time thus
sustain controlled drug release property. Besides, manufacturing are easy at a

reasonable cost (Papkov et al. 2008).
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1.8.2 Ricinoleic Acid

Ricinoleic acid is dominantly found in castor oils (85-90%). Double bond is present in
9™ position and has hydroxyl group on 12" carbon (cis-12-hydroxyoctadeca-9-enoic
acid). The chemical structure of ricinoleic acid is shown in Figure 1.8. Due to this
property it is one of the few commercially available hydroxyl fatty acids that have two
functional groups (Prakash et al. 2006). In addition ricinoleic acid could be easily
extracted from castor oil by enzymatic degradation or saponification and additional

processes (Teomim et al. 1998)

CH
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Figure 1.8 Chemical structure of ricinoleic acid.

Ricinoleic acid is used in cosmetic products like bath oils and tablets, colognes and
toilet waters (TCI 2007). It is now been used in drug delivery studies. Shikanov et al.
(2004) worked on the poly (sebacic acid-co-ricinoleic acid) polymers for the delivery
of paclitaxel, an anti-cancer drug. The group sustained long term delivery of the drug
and biodegradation of the system. Besides they showed that empty polymers did not
cause any toxicity while drug loaded ones have effect on tumors of the mice. Another
study was done by Slivniak et al. (2006). They synthesized ricinoleic acid-lactic acid
copolyesters which were used for drug delivery study. They also sustained long term
delivery of the drug and showed in vitro hydrolytic degradation of the system. The
number of researches that has been made by ricinoleic acid based polymers,

increase and hold promise.
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1.9 Tamoxifen in Cancer Therapy

Tamoxifen, (triphenylethylene derivative) is a highly hydrophobic drug (water
solubility 0.04 ug/ml at 37-C) and is a selective estrogen receptor modulator (SERM)
that can function for both estrogenic and anti-estrogenic type of cancer tissues
depending on the targeted side (Figure 1.9) (Ring et al. 2004, Kufe et al. 2003,
Fontana et al 2005). It is the only drug that is used for the healthy women to prevent
the risk of breast cancer (Hu et al. 2006). Tamoxifen was first used as anti-
neoplastic agent in 1971 and now it has been used for the treatment of the hormone

dependent breast cancer (Singh et al. 2006).

Figure 1.9 Chemical structure of tamoxifen.

Estrogen receptor (ER) which tamoxifen binds is a member of nuclear receptor
family of ligand activated transcription factors. When estrogen binds to the ER (ERa
or ERB) it is released from heat shock proteins and goes to conformational changes
(phosphorylation and dimerization) then it interacts with the estrogen response
elements (ERE) which leads to the regulation of transcription of estrogen dependent
genes (Chawla et al. 2002, Ring et al. 2004).

Tamoxifen has a pro-estrogenic activity and leads to some advantages over post-

menopausal women. It could restore bone mineral balance or reduce the bone

fractions and also it was found that tamoxifen has the cholesterol lowering effect.
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Although it could lead several advantages clinical studies showed that tamoxifen
therapy increase the risk of endometrial cancer between 2-7 folds. As a result of the
threat, IARC (International Agency for Research on Cancer) named tamoxifen as
carcinogen agents (Singh et al. 2006). In addition, cancer cells develop resistance
against tamoxifen treatment which might result to further tumor formation (Chawla et
al. 2002). Besides, conventional administration of tamoxifen could cause many side
effects like blood clots in lung or legs, stroke, nausea, vomiting, weight loss, pain or
reddening on the tumor site (Medline 2007). In order to prevent all these side effects,
tamoxifen is one of the mostly preferred chemotherapy drug which is used for

targeted and controlled drug delivery therapies.

1.10 Idarubicin in Cancer Therapy

Idarubicin (4-demethoxydaunorubicin) is a lipophilic antracycline agent (Zara et al
2001). It has an inhibitory effect on nucleic acid synthesis and inhibits the functioning
of topoisomerase Il. This anti-cancer drug also generates free radicals and G2 cell
cycle arrest. Idarubicin is more lipophilic than the other anthracyclins like
daunorubicin and doxorubicin which increases its rate of the cellular uptake (Pfizer
2008, Zara et al. 2001, Santos et al. 2005). The chemical configuration of idarubicin

is shown in Figure 1.10.

Figure 1.10 Structure of idarubicin hydrochloride

26



Idarubicin is effective in various cancer types including breast cancer, non-Hodgkin’s
lymphoma, plasmacytomas, myelodysplastic syndromes, acute myelogenous
leukemia (Zara et al. 2001).

Although idarubicin has less cardiotoxic effect than other anthracyclins, it still might
cause myocardial toxicity due to its strong hydrophobic effect. Additionally, bone
marrow suppression and mutagenic and carcinogenic properties might be detected
in certain cases (Demetci 2007, Pfizer 2008).

Since idarubicin has serious side effects, it is also a candidate for the drug delivery
studies. Furthermore highly lipophilic structure is suitable for the lipid based drug

delivery systems.

1.11 Objectives of the Study

Major problems of conventional chemotherapies still exist therefore it is important to
develop sustained drug delivery system. This study focuses on the problems of the
delivery of hydrophobic anti-cancer drugs which are insoluble and create toxicity
over healthy tissues. To deliver these drugs, hyperbranched polymers are preferred
in order to benefit the physical and chemical properties of these types of polymers. In
addition, to obtain hydrophobicity, ricinoleic acids are added to the system. To be
successful in controlled drug delivery studies it is also important to determine the
chemical properties of polymers and analyze the degradation behavior of them in in

vitro conditions.

For the cancer therapy researches to show the efficiency of the polymeric system the
first way is applying these formulations to the cells. Therefore in this study the
toxicity effect of the drug loaded and an empty polymer over breast cancer cell lines

has been tested. The aim of the study is summarized as follows:

e To synthesize hyperbranched aliphatic polyesters and make esterification
with the end groups of polyesters and ricinoleic acid in order to form

hyperbranched resins.
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To characterize and determine the molecular and chemical properties of

synthesized hyperbranched resin (HBR).

To load hydrophobic anti-cancer drugs (idarubicin and tamoxifen) to the HBR

and determine the loading efficiency profiles.

To be able to sustain the controlled release of tamoxifen and idarubicin from

the system in vitro conditions.

To characterize the molecular and physical changes after drug loading to the

system.

To show the molecular degradation property in vitro conditions and with the

presence of enzyme.
To show the non-toxic property of the HBR and show the efficiency of drug

loaded HBR to kill the breast cancer cells comparing with free drug

application.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1 Materials for Hyperbranched Resin Synthesis

o Castor oil was obtained from Akzo Nobel Kemipol.

e Sodium hydroxide (NaOH), para-toluene sulfonic acid (p-TSA), potassium
hydrogen phthalate (KHP), ethyl alcohol were purchased from Merck A.G.
(Germany).

o Sulfuric acid (95-98 %), (H.SO,4) was obtained from Sigma-Aldrich (USA).

e Dimethylol propionic acid and dipentaerythritol was obtained from Perstorp
AB (Sweden).

o Toluene was from Best Kimya (Turkey), isopropyl alcohol was from Volkan
Boya (Turkey), nitrogen gas was obtained from Oksan (Turkey).

e Sodium chloride (NaCl), magnesium sulfate hepta hydrate (MgS0,.7H.,0)

were purchased from Applichem (Germany).

2.1.2 Materials for Drug Loading, Release and Cell Culture Studies

e Tamoxifen (minimum 99% pure), phosphate buffered saline tablets, N,N
dimethylformamide, Type Xlll lipase from Pseudomonas sp. species, were
purchased from Sigma-Aldrich (USA).

e Trypsin-EDTA solution (0.25% Trypsin&EDTA), gentamycin sulphate
(50mg/ml as base), tryphan blue solution (0.5%), cell proliferation kit (XTT
based colorimetric assay) were obtained from Biological Industries, Kibbutz

Beit Haemek (Israel).
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o RPMI 1640 medium [(1x), 2.0g/ NaHCO; stable glutamine], fetal bovine
serum (tested for mycoplasma) were obtained form Biochrom Ag.
(Germany).

e Methanol (gradient grade for liquid chromatography), acetonitrile and ortho-
phosphoric acid, triethylene amine were from Merck (Germany).

e Dialysis membranes (MwCo 3500, Diameter 26mm) were obtained from
Serva (Germany).

o Dimethylsulfoxide (cell culture grade), sodium dodecyl sulfate (molecular
biology grade) were obtained from Applichem (Germany).

e MCF-7 monolayer type human epithelial breast adenocarcinoma cell line was
provided from Food and Mouth Disesase Institue (Sap) (Ankara).
Idarubicin.HCI (Pharmacia, ltaly) was kindly donated by Prof Dr. Ali Ugur
Ural, Gulhane Military Medical School Hospital, Department of Hematology
(Ankara).

2.2 Dehydration of Raw Materials

Magnesium sulfate heptahydrate was first ground and then dried in an oven at 120°C

for 2-4 hours. Para-toluene sulfonic acid was dried at 85°C for 1-2 hours.

2.3 Extraction of Fatty Acids

Extraction of fatty acids from castor oil first began with saponification procedure. For
this purpose stoichiometric amount of sodium hydroxide was dissolved in 1:1
ethanol:distilled water mixture. The volume of the mixture was prepared as at least
equal volume of the oil and the amount of the sodium hydroxide was determined
considering the saponification value. Saponification process was commenced by
mixing castor oil, NaOH and ethanol:distilled water in a necked flask by using
mechanical stirrer. Mixture was reacted under a reflux at 80°C until a homogenous
mixture was obtained (1-1.5h). At the end of the process reacted mixture was gently
mixed with saturated NaCl solution. By this way soap (organic phase) rested on the

top, while glycerol and inorganic solution rested at the bottom phase. Soap was
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eluted from glycerol by using filter paper and vaccum. Filtered soap was then
dissolved in distilled water and the solution was transferred to seperatory funnel. In
order to differentiate fatty acids, 15-20% (v/v) sulfuric acid was added to the
dissolved soap. When fatty acid phase was clarified on the top layer, the rest of the
solution was removed by using separatory funnel. Seperated fatty acids were
washed with distilled water for several times in order to remove remained glycerol
and other inorganic solutions. By centrifugation at 4,000 rpm for 10 min (Hettich,
Universal 16R, Germany) fatty acids were separated from water. Remained water

phase was excluded by using MgS0,4.7H,0.

At the end of the process ricinoleic acid (85-95%), oleic acid (2-6%), linoleic acid (1-
5%) linolenic acid, stearic acid and palmitic acid (0.5-1%) was extracted from castor
oil. By using melting point differences of fatty acids, a second centrifugation was
applied at 4,000rpm at 8-10°C for 15 minutes. Solid state stearic acid, palmitic acid
and oleic acid were removed from the other fatty acids. At the end of the extraction,
mainly ricinoleic acid and linoleic and linolenic acid were obtained. Saponification

and fatty acid extraction reactions are showed in the Figure 2.1 and Figure 2.2.

e g
CH—O——(ﬁ—R + 3Na—OH—> CH—OH * Na O—|C|)—R
‘ O ‘ O
O
Triglyceride Glycerol

Figure 2.1 Saponification reaction of the castor oil
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Na'O0-C—R + H,SO, —= R—C—OH + NaHSO,
Il

Figure 2.2 Fatty acid production by using sulfuric acid

2.4 Hyperbranched Resin Synthesis (HBR)

Hyperbranched resin was synthesized in two step reaction. In the first part,
hyperbranched polyester synthesis was obtained by esterification of dipentaerythritol
and dimethylolpropionic acid (DMPA). Then castor oil fatty acids which are mainly
composed of ricinoleic acid were esterified by hydroxyl end groups of polyester and

hyperbranched resins were synthesized.

In the study, in order to sustain the reaction of hyperbranched polyesters and
hyperbranched resins an experimental setup was formed. All reactions were done in
five-necked glass. System was placed in an oil bath and reactions were started in a
reflux system with the aid of mechanical stirrer under nitrogen atmosphere. The
temperature of the reaction was set differently for hyperbranched polyester synthesis
and hyperbranched resin formation. In order to obtain a successful synthesis it was
important to maintain the reaction temperature stable, so during the reaction
temperature had to be controlled regularly. Before terminating the system, water
product of the condensation reactions was removed by using azeotrophic distillation
with toluene. It was important to remove water product completely in order to prevent
unwanted hydrogen bondings or cross-linking formations between polymers. The
schematic representation of the experimental setup is shown in Figure 2.3 (Bat
2005).

In the first part of the synthesis, hyperbranched polyesters were synthesized. The
principle of hyperbranched polyesters formation was based on one-step
polymerization reactions. One-step polymerization of hyperbranched polymers which

was explained in the literature is mainly based on esterification of ABy type of
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monomer with core moiety. Esterification performed in the bulk using an acid catalyst
and involves no purification steps. By this method molecular weight distributions
could be controlled and could be narrowed down (Malmstréom et al. 1995, Zagar et
al. 2002). The main principle of the hyperbranched polyester synthesis was

explained in 1.4.2 Synthesis of Hyperbranched Polymers.

In the study, hyperbranched polyesters were synthesized by using dipentaerythritol
as core molecule of the structure and dimethylolpropionic acid (DMPA) as branching
unit. To esterify six hydroxyl end groups of dipentaerythitol, six moles of DMPA were
added in order to obtain perfect one generation. Para-toluene sulfonic acid (p-TSA)
was added as catalyst (0.4% w/w of DMPA). All requirements were introduced into
five-necked glass and placed into experimental setup which was explained
previously. The reaction was done at 140°C for 3-4 hours. When water product was
completely removed the reaction was stopped and first generation of hyperbranched
polyesters were obtained (HBP-G,). lllustration of first generation of hyperbranched

resins are shown in Figure 2.4.

For second generation of hyperbranched polyester (HBP-G,) synthesis,
stochiometric amount of DMPA and p-TSA catalyst was added to the HBP-G; and
synthesis was begun in the same experimental setup. HBP-G, synthesis was done
at 140°C for 3-4 hours. The reaction of second generation of hyperbranched

polyesters are shown in Figure 2.5.
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Figure 2.3 Experimental setup of the hyperbranched polyesters and HBR synthesis (Bat
2005).

In the second part of the reaction, in order to esterify the ricinoleic acids (castor oll
fatty acids mainly composed of ricinoleic acid, rarely linoleic and linolenic acid which
might be neglectable) with hyperbranched polyesters, stochiometric ratio of fatty
acids were added to the system and esterification was started in same experimental
conditions but at 220°C. In certain periods of the reaction, a sample of synthesized
hyperbranched resin (HBR) was removed from the system to make an acid value
determination (Appendix A). Acid value shows the mg of KOH required to neutralize

free fatty acids that are found in 1 gram of sample. In order to prevent complete fatty
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acid esterification, reaction was terminated when acid number was dropped below
40mgKOH/mg HBR. Theoretical representation of HBR polymer is shown in Figure
2.6.

CH,OH CH,0OH o) CH,OH
I
p-TSA
HOH,C—C—CH,—O—CH,—C—CH,0OH + 6 HO—C Cl) CHj 120°C
CH,OH CH,OH CH,OH
Dipentaerythritol DMPA
OH
HO
OH
HOH,C CH
O 0
0] 0] 0] OH
HO
HSC>\(O/\\/O/\\/O)J\€CH3
HO O OH
O O
0 @)
CH
HOHsc OH OH OH
HBP-G;

Figure 2.4 Theoretical representation of the synthesis of first generation hyperbranched

polyesters (HBP-G;).
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Figure 2.5 Synthesis and theoretical representation of second generation hyperbranched

polyesters (HBP-G,) by esterification of first generation polyesters (HBP-G;) and DMPA.
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Figure 2.6 Theoretical representation of synthesized hyperbranched resin (HBR).
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2.5 Purification of HBR

In order to obtain pure HBR, synthesized polymers were washed with pure methanol
to get rid of unreacted ricinoleic acids, DMPA or dipentaerythritol. Impure HBR was
first dissolved in methanol but then precipitated by centrifugation at 15,000rpm for 30
min (Thermo IEC, Micromax RF, US). Supernatant was discarded and preciptated
HBR was dried near the flame. For the loading studies, purification was applied after

drug was loaded to HBR. Detailed explanation is given in 2.6.

2.6 Loading of Tamoxifen and Idarubicin into HBR

Loading principle of tamoxifen and idarubicin is mainly based on hydrophobic
interaction of drugs with HBR. First of all for both tamoxifen and idarubicin were
dissolved in N,N Dimethylformamide (DMF). Then predetermined amount of
dissolved drug was directly added to certain amount of HBR. Mixture was shaken at
300 rpm overnight. Then mixture was dissolved in methanol until a homogenous
solution was obtained. Unloaded drugs and unreacted molecules (dipentaerythritol,
DMPA, ricinoleic acid) were dissolved in methanol while drug loaded HBR system
was precipitated. In order to obtain pure HBR, mixture was centrifuged at 15,000 rpm
for 30 min at room temperature (RT) (Thermo IEC, Micromax RF, US). Dried
idarubicin and tamoxifen loaded HBR pellets were then dissolved in DMF in order to

determine loading efficiency.

Loading efficiency of idarubicin was analyzed by using UV-vis spectrophotometer
(Schimadzu UV-1208, Japan) at 540 nm (Ayax Of pure idarubicin was shifted from 486
nm to 540 nm after loaded into HBR). For determining the loading efficiency of
idarubicin, standard calibration curve was obtained by using UV-vis
spectrophotometry at 540 nm. Figure 2.7 shows standard curve of idarubicin in a
various concentration from 0.05 mg/ml to 1.7 mg/ml. Loading efficiency for idarubicin

were determined by using Equation 1.
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Figure 2.7 Calibration curve of idarubicin which was determined by UV-vis

spectrophotometry at Aya=540nm.

Tamoxifen loading efficiency was detected by using high performance liquid
chromatography (HPLC) method. HPLC standards are given in 2.9.4 High
Performance Liquid Chromatography. In order to calculate the loading efficiency of
tamoxifen standard calibration curve was also determined with HPLC by using free
tamoxifen. The standard calibration curve of the tamoxifen is shown in Figure 2.8. In
this curve minimum 0.0001mg/ml tamoxifen could be determined. HPLC results
showed the mg tamoxifen/ml solvent so loading efficiencies were determined by

same formula that was used for idarubicin (Equation 2.1).
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Figure 2.8 Calibration Curve of tamoxifen by using HPLC method.

Loading efficiency of tamoxifen and idarubicin were determined by using the formula
(Equation 1). All experiments was carried on in duplicates. Experiments were

performed in dark due to light sensitivity of tamoxifen.

Weight of drug loaded (m
Loading efficiency (%) = g g. (mg) X100 (2.1)
Initial drug weight (mg)

2.7 Degradation of HBR

For in vitro degradation studies, first HBR samples were immersed into 4 well plates,
and then 3 ml phosphate buffered saline (PBS) solution (0.01M, pH 7.4) was added
to each HBR sample. For enzymatic degradation study, 50 pl of 4mg/ml lipase (0.9
% NaCl (w/v)) from Pseudomonas sp. species was applied to half of the samples.
Samples were shaked at 50 rpm at 37°C. At predetermined time intervals, medium
and lipase were replenished and a sample of HBR was removed from the system.

After washing and drying steps of HBR, molecular weight of the samples was
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analyzed by gel permeation chromatography. The detail of the molecular weight

determination was explained in 2.9.2 Gel Permeation Chromatography (GPC).

2.8 Drug Release Studies

Drug release profiles from HBR were studied by using dialysis method. Two sets of
experiments were carried on; in the first set only tamoxifen release was determined.
To prevent precipitation in aqueous medium, samples were dissolved in 400 ul of
DMF and then transferred into dialysis bags. 3 ml of release medium was composed
of PBS (0.01M, pH 7.4) and 5 % (v/v) DMF. Dialysis was performed in screw capped
falcon tubes at 37°C with 150 rpm shaking (Heidolph Unimax 1010 shaker/1000
incubator, Germany). At certain time points outer medium was replenished with fresh

medium.

The second set of experimental conditions was used for both tamoxifen and
idarubicin. Drug -HBR complex was dissolved in 100 yL of DMF and then mixture
was transferred into dialysis bags. Later, 3 ml of 0.01 M PBS (pH 7.4) was added as
outer medium. 0.5 % w/v of sodium dodecyl sulfate (SDS) was used to prevent
adsorption of the hydrophobic drugs to the walls of falcon tubes or walls of dialysis
bags. In order to accelerate drug release in appropriate time ranges, 50 pl of 4
mg/ml lipase form Pseudomonas sp. was added to the samples. Dialysis was begun
in screw capped falcon tubes at 37°C with 150 rpm shaking. In certain time periods,

outer medium was removed and fresh medium with lipase was added to the system.

In all set of release conditions samples were analyzed by HPLC method. For
tamoxifen determination same standard curve used as shown in Figure 2.8. Release
profiles of idarubicin were not detected by using UV-vis spectrophotometry since low
amount of the drug was released from the system. HPLC detection was applied to
determine the release of idarubicin. Standard curve of idarubicin is shown in the
Figure 2.9. In all sets of experiments retention time and intensity peak of drugs were
determined with control groups of empty HBR and solvent. All experiments were
carried on in duplicates and tamoxifen samples were analyzed in dark due to light

sensitivity.
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Figure 2.9 Calibration curve of idarubicin determined by HPLC method.

2.9 Chemical Characterization

Experiments that were done by using Fourier Transform Infrared Spectroscopy, Gel
Permeation Chromatography, Nuclear Magnetic Resonance were carried on in
METU Central Laboratory R&D Training Center, Ankara. For the analysis that were
done by using High Performance Liquid Chromatography and ELISA reader were
carried on in METU Central Laboratory, Molecular Biology and Biotechnology

Research Center, Ankara.

2.9.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were used to understand the chemical composition of the ricinoleic
acid, hyperbranched polyesters, HBR, idarubicin and tamoxifen loaded HBR
samples. Bruker IFS 66/S,FRA 106/S, RAMANSCOPE was used to generate FTIR
spectra of samples. Solid samples were pelleted with KBr (300 mg KBR for 1 mg

sample). Cells and cuvettes were used for liquid samples.
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2.9.2 Gel Permeation Chromatography (GPC)

Molecular weight and molecular weight distribution of the HBR samples was
detected before and after purification of HBR and under the condition of enzymatic
and hydrolytic degradation of samples. PL-GPC 220 instrument was used for
analysis. 0.050g samples were dissolved in tetrahydrofuran (THF) and polymer was

run at room temperature by using polystyrene universal calibration method.

2.9.3 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy was used to detect the polymeric
arrangement and composition of HBR. Due to semi-liquid physical state of HBR,
analysis were carried on by liquid *C NMR. Bruker AVANCE 300 MHz (~7 Tesla)
spectrometer was used and deuterated DMSO was used as solvent. 30-40 mg of

purified HBR samples was used for the analysis.

2.9.4 Particle Size Analysis and Zeta Potential Measurements

Zeta potential and particle size distribution of samples were measured in order to
determine the charge and stability variations of drug loaded and unloaded HBR
samples in aqueous conditions. Water was used as dispersant and potential of the
samples were measured at 24°C. Malvern Nano Zeta Size Nanoseries Nano-ZS
(UK) zeta potential and particle size analyzer was used for zeta potential

measurements and for the particle size distribution determination.

2.9.5 High Performance Liquid Chromatography (HPLC)

Varian Prostar HPLC was used to detect the amount of tamoxifen that was
entrapped and to determine the release rate of tamoxifen and idarubicin from the

HBR composition.

For tamoxifen concentration detection, Microsorb MV C18 (4,6 x 250 mm, 5 mm)

column was used. Methanol, distilled water, triethylene amine (93:7:0.01) was used
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as mobile phase with a flow rate 1 ml/min, at RT. Fluorescent detector was used and
sample concentration was detected with Aemssion= 375 NnM and Aexcitation = 260 nm
(Long et al. 2004).

For HPLC detection of released idarubicin, same type of column used and
acetonitrile, methanol, phosphoric acid and water (3:2:1:4) was used as mobile
phase. The sample was injected with flow rate of 0.8 ml/min at RT and sample
concentration was detected at Agmssion= 470 NM Agycitation = 980 nm (Fukushima et al.
1998).

Aqueous solutions and mobile phase were filtered with 0.45 yM cellulose filter.
Results were given as mg of tamoxifen and idarubicin that were detected in 1 ml of

the sample.

2.10 Cell Culture

2.10.1 Cell Culture Medium Preparation and Passaging Cell Cultures

Cell cultures were maintained in RPMI 1640 medium with 10% fetal bovine serum
(FBS) and 1% gentamycin supplementation. MCF-7 human breast adenocarcinoma
cell lines are epithelial and monoclonal continuous cultures grown as monolayer. As
most animal cell cultures MCF-7 cells grow as single thickness cell layer or attach to
glass or plastic substrates. When substrate is covered with cells growth slows and
ceases. To keep cells healthy they should be subcultured periodically for every 80-
90% of viability. Subculturing involves breaking down the cellular bonds between
cells and their attachment to the substrate (Ryan 2008). For MCF-7 cell line,
trypsinization was applied by using Trypsin-EDTA solution. After a homogenized
suspension was obtained, certain amount was discarded and remained cells were
diluted with fresh medium. 25cm? flasks with filtered caps were used to suspend cells
with medium. For the studies which high amounts of cells were needed, 75cm? flasks
were used with higher amount of medium supplementation. Cell cultures were
incubated in humidified 5% CO, incubator at 37°C (Heraeus, Germany) and cell

culture experiments were studied in sterile laminar flow (BioAir, ltaly).
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2.10.2 Cell Proliferation Assay with XTT Reagent

Cell proliferation assay by using formazan compound is based on the activity of
mitochondria enzymes which are inactivated shortly after death. The use of the XTT
reagent based on the fact that live cells reduce tetrazolium salts into orange colored
of formazan salts. The dye formed is water soluble and dye intensity is read at a
given wavelength with a spectrophotometer. The intensity of the dye is proportional
to the number of metabolically active cells. The greater the number of the cells, the
greater the activity of mitochondria enzymes and the higher the concentration of dye

formed, which can be measured and quantified (Biological Industries 2002).

For the assay 96 well plates were used. First, 100 pl RPMI 1640 medium was added
to all wells. Then, highest dose of polymeric concentration was added to the first
column and serial dilutions were applied horizontally. Polymeric concentration was
prepared by dissolving pre-determined amount of HBR in DMSO and then 100 fold
dilution was made by RPMI 1640 medium. Finally 5000 cells/well were seeded. The
number of cells was determined by viable cell counting assay which was explained in
2.10.3 Viable Cell Count. Cells were incubated in humidified CO, incubator at 37°C
for 48 h, 72 h and 96 h. By the end of the incubation, XTT and activator reagents
were applied to each plate and plates were incubated in dark for 2-5 h. The intensity
of the color change was measured by using ELISA reader (SPECTRAmax 340PC) at
500 nm.

Viability curves of cells in each plate were determined by considering the intensities
of each well subtracting from the intensity of control groups (medium control, cell
control and polymer control. In order to determine the toxicity effect, 1Cs, values need
to be determined. The ICs is a measure of drug effectiveness. It indicates how much
of a particular drug or other substance (inhibitor) is needed to inhibit a given
biological process (or component of a process) by half. In other words, it is the half
maximal (50 %) inhibitory concentration (IC) of a substance (50 % IC, or ICs)
(Wikipedia, 2008). ICsy value of the samples was calculated by using the logarithmic
equation of the viability curves. All the experiments were applied in duplicates or

triplicates.
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2.10.3 Viable Cell Count

In order to determine the approximate number of cells that was used in XTT assay,
cell count has to be done. For MCF-7 cells before counting, cells were trypsinized
and homogenized with fresh medium. Tryphan blue solution was 10-fold diluted with

cell suspension to make the total volume 1ml.

Cells were counted using hemocytometer (HHH, Germany) under light microscope.
The smallest center square on hemacytometer has 0.00025 mm?® volume. To
calculate the number of cells in 1 cm® 4x10° coefficient number was used in
calculation. The number of the cell/ml was calculated by the formula given below
(Equation 2.2):

Cell number/ml= Average count per square x Dilution factor x 4.10° (2.2)

2.10.4 Statistical Analysis

Minitab Statistical Software (Minitab Inc, USA) was used to determine the significant

differences between mean of the groups (a= 0.05). 2-sample t-test was used for

statistical analysis.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Synthesis and Purification of Hyperbranched Resin

In this part of the study first fatty acids were extracted from castor oil. Then
hyperbranched polyester formation was studied by dipentaerythritol and dimethylol
propionic acid components. Fatty acid esterification with hyperbranched polyester
was completed and to remove unreacted molecules from the system, ideal
conditions were determined. The success of the synthesis was confirmed by
characterization with FTIR, GPC and NMR analysis.

3.1.1 Synthesis of Hyperbranched Resin

Fatty acid extraction and hyperbranched resin synthesis were done according to Bat
(2005). There are several critical points that should be noticed. During the synthesis
of hyperbranched resin, sustaining temperature at 220°C was important because if
reaction would begin at lower temperatures, duration of the reaction would be
increased. The presence of the catalyst was another critical point for the success of
the synthesis. Without using catalyst, a solid deposit formation occurred in the
system, on the other hand excess catalyst were resulted cross-linked ethers.
Therefore optimum amount of catalyst was determined as 0.4 % for hyperbranched

resin formation.
Determining acid number is important for termination of the synthesis. Increasing

duration of the process, augmented moles of fatty acids that was esterified with 1

mole of hyperbranched polyesters, however physical structure was converted from
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semi-liquid to gel structure because of the overesterification. Therefore it is important
not to lower acid number below 15 mg/KOH to prevent gelation. In order to sustain a
mild level of hydrophobicity, the reaction was terminated when the acid number was
detected as 38.8 + 2.7 (Mean £ SD, n=3).

3.1.2 Purification of Hyperbranched Resins

For the purpose of removing unreacted molecules from hyperbranched resin (HBR),
some preliminary experiments were carried out. Since dipentaerythritol and DMPA
were soluble in water, impure HBR was dissolved in N,N Dimethylformamide (DMF)
then the solvent was transferred into dialysis bags. Dialysis was started against
distilled water and at the end HBR was lyophilized. However by this method gel

structured HBR was obtained which was not desired.

It was established that dipentaerythritol, DMPA and ricinoleic acids were dissolved in
methanol; however HBR polymers were precipitated and did not dissolve. That
property made methanol a purification agent. In the literature there are various
studies that used methanol for purification of polymers. In the study of Hoogenboom
et al. (2005) for purification of synthesized 3,6-di(2-pyridyl)pyridazine-poly lactide
polymers methanol was also used and polymers removed from the system by

precipitation.

FTIR results of purified HBR showed that methanol did not cause any modification
on chemical groups of HBR and FTIR spectral ranges were determined to be same
with impure HBR (Data not shown). Changes in molecular weight distribution are

explained in 3.3.2.
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3.2 Chemical Characterization
3.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

Ricinoleic acid, hyperbranched polyesters (HBP-G,) and hyperbranched resins
(HBR) were characterized by FTIR spectroscopy. Figure 3.1 displays FTIR spectra
of ricinoleic acid. Broad peak at 3400 cm™ was assigned to O-H stretch of ricinoleic
acid. At 3016 cm™ the peak of olefinic C-H stretching and unsaturated fatty acids
were observed. Peak at 2928 cm™ was corresponded to the methylene asymmetrical
C-H stretching and methyne C-H stretching of aliphatic groups. 2856 cm™ was
suggested as methyl and methylene symmetrical C-H stretch. Carboxylic acid end
groups of castor oil fatty acids vibrated at 1713 cm™ and methylene and methyne C-
H bends was vibrated at 1459 cm™ and 1380 cm™ respectively. O-H in-plane bend
wave number was determined as 1281 cm™. Finally peak at 724 cm™ was assigned

for methylene rocking (n23) of fatty acids.

Figure 3.2 shows the comparison of the chemical groups of HBP-G, and HBR. O-H
stretching of HBP-G, was clearly observed at 3480 cm™. Peaks at 2952 cm™ was
assigned for asymmetrical methyl and methlyene stretching. Symmetrical C-H
stretching of the aliphatic groups was assigned for the wavenumber of 2893 cm™.
The frequencies at 1478 cm™ and 1380 cm™ corresponded to the methylene and
methyne C-H bends. Absorbtion spectra at 1735cm™ corresponded to the ester
functional group and peak of alkyl substituted ether was shown at 1131 cm™. O-H in
plane bend was assigned for the peak at 1304 cm™” and finally skeletal C-C

vibrations were observed between 1300 cm™ and 700 cm-' frequency areas.

IR spectrum of HBR is also indicated in Figure 3.2. Since HBR formation was
obtained by ricinoleic acid esterification, the main difference was detected by
noticing the functional groups of ricinoleic acids in HBR. The IR spectra at 3483 cm’
showed O-H stretching of HBR. This corresponded to both hydroxyl groups of
ricinoleic acid and hydroxyl end groups of hyperbranched polyester (HBP-G,). Peak
of 3015 cm™ corresponded to olefinic C-H stretch of fatty acids which was not

observed in IR spectra of HBP-G,. Asymmetrical and symmetrical C-H stretching
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peaks of HBR were more similar to the C-H stretching of ricinoleic acids, hence it
was suggested that these peaks were mainly corresponded to the aliphatic C-H
stretching of ricinoleic acids. The frequency at 1735 cm™ was assigned for ester
functional groups, 1464 cm™ corresponded to methylene C-H bend and peak at 1245
cm™” is suggested to O=C-O-C stretching of aliphatic polyesters which were also
determined in IR spectra of HBP-G,. Peak at 725 cm™ was assigned for rocks of
methylene groups of (n 23) of fatty acids in HBR (Bruker Optics 2006, Coates 2000.)
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Figure 3.1 FTIR spectra of castor oil fatty acids (mainly ricinoleic acid).
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Figure 3.2 FTIR spectra of hyperbranched polyester (HBP-G,) and HBR.

3.2.2 Molecular Weight Determination

As previously described in Chapter 1, all polymers are composed of mixtures of
small and large molecules, so weight of polymer could not have a unique value.
Therefore to define molecular weight there are commonly used terms, average
molecular weight (Mw) and number average molecular weight (Mn). Mn value is the
molecular weight of the polymer divided by number of molecules and Mw is the
average molecular weight by considering size and weight of each polymer. Ratio of
Mw/Mn gives polydispersity index (PDI) of polymers. For special polymers PDI
values approaches to 1 but generally condensation polymers or other types that are

commercially available have a PDI value 2 or greater (Polymer 2003, Robello 2002).
In the study molecular weight distribution of HBR before and after methanol

purification was determined. As mentioned previously methanol is one of the organic

solvents that are used for purifications of polymers. The importance of purification
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during molecular weight determinations was also explained in literature. The study of
Allen et al. (1973) mentioned the methanol purification after synthesis of
intermolecular cross-linked polystyrene molecules. In order to maintain narrow

polydispersity, purification is one of the important points for polymer characterization.

Determination of molecular weight was accomplished by gel permeation
chromatography (GPC) which universal calibration method was used in
tetrahydrofuran (THF) solvent. Results are shown in Table 3.1. Since HBR polymers
were condensation type of polymers, polydispersity was expected as closer to 2.
After purification of HBR polymers with methanol average molecular weights were
determined to be increased. Removing small molecules from the system increased
average molecular weight. Moreover due to the principle of molecular weight
distribution, it was expected to narrow down the polydispersity index after methanol
washing. Results showed the decrease of dispersity from 2.58 to 2.11 which
approached to 2. By these results purification process was confirmed since

distribution profiles narrowed by removing of unreacted molecules.

Table 3.1 Molecular weight and polydispersity of HBR before and after purification with
methanol (MeantSEM, n=2)

Mn (g/mol) Mw (g/mol) Mn/Mw
(Polydispersity)
HBR 8546 +2400 21989 + 3901 2.58 + 0.056
HBR (purified by
methanol) 10913 £ 90 23099 + 3142.5 2.11+£0.27

3.2.3 Liquid *C NMR Analysis of HBR

FTIR results showed the chemical groups of synthesized components however the
sign of hyperbranched resin synthesis could not clarified. '>*C NMR analysis was

performed to determine the carbon groups of HBR structure in particular. Due to
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semi-liquid structure of HBR polymer, liquid *C NMR analysis was done by using
deuterated DMSO solvent. Figure 3.3 shows main carbon atoms that bonded with
substituents that were found in HBR structure. *C NMR results in Figure 3.4 was

correlated with these carbon atoms.

Carboxylic esters that were formed by interaction of dipentaerythritol and
dimethylolpropionic acid was determined at 174.56 ppm resonance range.
Quaternary carbon atom of dipentaerythritol was determined at 48.55 ppm and
quaternary carbon atom of DMPA was determined at 26.68 ppm ranges. Carbon

atoms that linked to carboxylic esters substituents were give a peak at 77.5 ppm.

“Cis” —CH=CH- carbon atoms of ricinoleic acids gave peak at 130.44 ppm and
130.34 ppm. a carbon atoms at 12" position was linked to hydroxyl substituents and
these atoms were read at 38.61 while B and y carbons gave peak at 25.16 and 31.50
ppm. Since it was expected that some of the end groups of DMPA could not make
reaction with ricinoleic acid, hydroxyl bonded carbons was read at 75.00 ppm value.

Methyl groups of DMPA structure was also corresponded to the peak at 24.73 ppm.

By the results of >C NMR, the structure of HBR was shown. The major esterification
peaks of dipentaerythritol-DMPA and carboxylic esters of ricinoleic acid- DMPA were
detected in the resonance results, therefore it could be concluded that HBR
formation was established. However to determine the branching degree or to
calculate the number of moles of active end groups, further and detailed *C NMR

analysis are required.
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Figure 3.3 Functional carbon atoms that are found in HBR structure.
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Figure 3.4 C NMR results of HBR structure. Letters on the top of the peaks are correlated
with the letters that shows carbon atoms of HBR in Figure 3.3.
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3.3 Use of HBR in Drug Delivery

After synthesis and characterization of HBR the behavior of HBR in drug delivery
studies were investigated. In order to suggest a system as a drug delivery vehicle,
drug loading ability, release behavior, biodegradation and biocompatibility properties
are some of the important factors that should be determined. Therefore properties

were investigated in the next part of the study.

3.3.1 In Vitro Degradation of HBR

For the success of drug delivery studies, biodegradation of the polymer is an
important parameter. As explained in detail in section 1.6, molar mass, chemical
structure, hydrophobicity or hydrophilicity are the important factors that should be

considered related to biodegradation.

Both hydrolytic and enzymatic degradation of HBR were studied by shaking at 50
rom in 0.01M PBS at 37°C. To sustain enzymatic degradation, 2 % of Lipase from
Pseudomonas sp. was added (4 mg/ml). At certain time intervals samples were
removed and molecular weight analysis was carried on by GPC. According to the
results (Figure 3.5), in initial 10 days molecular weight was increased in both
conditions. HBR was almost completely dissolved in 70 days with lipase, however by

hydrolytic degradation, molecular weight was not changed significantly.

Initial increase in molecular weight could be interpreted by various ways. First
possibility is swelling of HBR in PBS solution. When HBR is placed into the PBS
buffer aqueous solution might create surface and bulk erosion to the HBR
nanoparticles. This change might led to water penetration by swelling molecular
weight increase might be detected. This type of swelling is also studied in Unger et
al. (2008) which they used different type of polymers but swelling could be explained
in same manner. After initial increase of molecular weight, polymers started to
molecularly degrade. Water penetration to polymers might led to enter lipase through
out the branches of HBR , therefore breaking ester bonds might led to decrease

molecular weight. At the same time surface erosion might fasten this process. To
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confirm swelling and erosion of nanoparticles, their mass change in aqueous media

should also be analyzed.

Another proposal for initial molecular weight increase could be formation of
intermolecular hydrogen bonds between functional groups. In the present study
incubation of HBR in aqueous solution caused more intense physical structure was
viscosity was seem to be increased. According to Hecker et al. (1998), viscosity
increasing as a result of intermolecular hydrogen bonding might result to deform the
segments, therefore lipase and water could attack to the polymer. Therefore initial
condensed structure of HBR with higher viscosity replaced with degrading polymer at
the end.

Agglomeration is another suggestion that might be occurred to HBR. According to
Hecker and co-workers physical and thermal changing might result to agglomeration
of polymers. In the study temperature was set to 37°C therefore at this temperature

HBR nanoparticles might agglomerate and molecular weight might be increased.

As a result, initial molecular weight increase might be explained by swelling, erosion,
intermolecular hydrogen bonding or agglomeration. To confirm all these suggestions
it is clear that further analysis should be done. If mass, size viscosity changes

analyzed during the experiment then these proposals could be verified.
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Figure 3.5 Hydrolytic degradation of HBR in 0.01 M PBS and enzymatic degradation in
0.01M PBS and 2% lipase from Pseudomonas sp. (4mg/ml) at 37°C with 50 rpm shaking.

After an increase in molecular weight a sharp decrease and degradation was begun
by lipase adding. The efficiency of lipases on the degradation of aliphatic polymers
was explained in the previous chapter. It was expected that lipase from
Pseudomonas sp. species break the ester bond of the HBR structure and increase
the degradation rate. HBR was degraded almost completely which indicated the
efficiency of the lipase. The effect of lipase was increased by increasing the
incubation time of HBR in PBS. Graph shpws that degradation became faster a
certain time period. Since lipase concentration was kept constant during degradation
more efficient decompositions was determined by the end of the experiment. Similar
proposals was given in the study of Jugminder et al. (2002). The yals ostudied the
degradation of polymers with same lipase and which they suggested that lipase
degrades nanoparticles one by one so degradation rate become faster at the end of
the process. In addition Pseudomonas sp. lipase was lipophilic therefore in first days
lipase concentration was not sufficient to compensate the molecular weight increase,

so the effect of lipase was not observed. However after water entering to the HBR
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cores lipase might show its efficiency and show which contribute to the

decompositions of HBR.

As a result of this study the effect of the lipase was observed by analyzing the
molecular weight decrease of the HBR but in order to explain the changes in
molecular weight or to prove the suggestions, particle size analysis, viscosity
measurements, FTIR analysis or mass change determinations should be one for the

future analysis.

3.3.2 Tamoxifen and Idarubicin Loading Studies

3.3.2.1 Preliminary Experiments

Several attempts were made to optimize the loading effectivness of the drugs. In the
first case, since both of the drugs and HBR were highly hydrophobic, all components
were dissolved in organic solvent and then they transferred into inorganic solution to
supply the interaction of the drug with HBR. Then the samples were lyophilized.
However with this procedure, it was not possible to remove unentrapped drugs from

the system since unentrapped drugs were not dissolved in inorganic solvents.

The next attempt was made by adding drug powder to the HBR without using any
organic or inorganic solvent. Then unloaded drugs were removed by methanol. Low
amount of drug has to be loaded, therefore the exact loading percentage was

undetectable, as a result loading efficiency of the samples were not coherent.

Finally, the most efficient loading was obtained firstly by dissolving the drug with
DMF, then applying them into the HBR. By using the solubility difference unloaded
drug was removed by methanol. Drug loaded HBR was precipitated and could be
analyzed for the drug loading efficiency. Detailed explanation of the procedure was

given in section 2.6.
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3.3.2.2 Loading Efficiency

Due to highly hydrophobic nature of tamoxifen, lipid based carriers are preferred for
controlled delivery studies. In this study high loading efficiency was expected due to
highly hydrophobic interactions of tamoxifen and ricinoleic acid. The results

confirmed the expectations and a desirable loading efficiency were obtained.

Drug loading studies was performed by increasing concentration of the drug while
HBR amount was remained constant. The Figure 3.6 shows the loading efficiency of
the tamoxifen (ug) per 1 mg of HBR. Maximum loading efficiency was determined as
73.28 % for 0.66 pg/mg. When the amount of loaded drug was increased to 1.33
Mg/mg and to 2.66 pg/mg, efficiencies were declined to 59.31 % and to 43.5 %,
respectively. Decrease in the entrapment efficiency became stationary at higher
ratios. For instance by increasing the ratio from 4 ug/mg to 8 ug/mg the efficiency
was only changed from 40.16 % to 37.47 %.

Loading Efficiency (%)

0,66 1,33 2,66 4 8

Initial tamoxifen concentration (ug/mg)

Figure 3.6 Loading efficiency of ug of tamoxifen/mg of HBR (Mean + Standard error of the
mean (SEM), n=2)
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During loading process, hyperbranched resin-tamoxifen (HBR-TAM) formulations
were washed with methanol to remove unloaded tamoxifen. Increasing the
concentration of drug may lead the saturation of the system. During methanol wash
some of the weakly interacted tamoxifen molecules might be removed. Therefore

increasing the drug concentration might result in a decrease of the loading efficiency.

Hydrophobic nature of idarubicin was also sustained higher loading efficiency to the
fatty acid based HBR systems. ldarubicin entrapment efficiency results are shown in
Figure 3.7. The maximum loading efficiency was determined as 80 % for the ratio of
0.66 pg/mg. As shown in the figure, there is significant difference between highest
and lowest HBR-TAM concentrations. For the amount of 0.66 ug/mg, 1.33 ug/mg
and 2.66 ug/mg the loading percentages were stated as 73.9 %, 61.8 %, and 59.63
% respectively. For 1ug/mg, 2 ug/mg, 4ug/mg efficiency was determined as 68.48
%, 61.24 %, 53.41 % and for 3 ug/mg and 6ug/mg the efficiencies were 54.71 %,
45.65 % respectively. Finally for 8 ug/mg, the percentage was examined as 45.26 %
which was the lowest among the samples.
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Figure 3.7 Loading efficiency of pg idarubicin per mg of HBR (Mean £ SEM, n=2)
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Although the entrapment efficiency of idarubicin and tamoxifen are different,
idarubicin entrapment behavior was similar to tamoxifen. Increasing the
concentration of the drug led to decrease the efficiency. The reason could also be
explained with the methanol washing step which excess idarubicin molecules

removed from HBR and might be dissolved in methanol like tamoxifen.

Loading efficiency of both drugs were almost same at initial loading concentrations of
0.66 pg/mg and 1.33 ug/mg, however the efficiency of tamoxifen entrapment was
significantly lower for the diminishing concentrations. As it is seen from Figure 3.8,
logarithmic scale both drugs gave a straight line. Therefore the relation between
initial concentration and entrapment efficiency can be shown by power law equation.

- 01836

For idarubicin the equation is Efficiency= 67.922C;al and for tamoxifen the

equation is Efficiency= 62.815Ca *-22¢"

. Power equation of tamoxifen is lower, in
other words detachment of drug from HBR is higher with respect to idarubicin.
Equation difference between two drugs was probably because of the structural
differences and interaction differences with HBR. Molecular weight of drugs may
affect loading efficiency. Since tamoxifen (Mw= 371.51g/mole) has lower molecular
weight than idarubicin (Mw= 533.95 g/mole), it is more likely that tamoxifen may be
detached during methanol treatment. In addition, by considering FTIR results which
were explained in section 3.4.3.1, it was estimated that tamoxifen was physically
entrapped into the inner part of HBR, while idarubicin was chemically interacted.
Adsorbed tamoxifen into the HBR chain could be more easily desorbed, therefore
these results confirms the physical interaction behavior of tamoxifen with HBR
nanoparticles. Consequently, higher idarubicin loading efficiency relative to
tamoxifen could be explained by higher molecular weight of idarubicin and chemical

interaction of the molecule with nanoparticles.
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Figure 3.8 Loading efficiencies of ug tamoxifen and pg idarubicin per mg HBR in logarithmic

scale. Power equations are shown in the graph.

3.3.3 Chemical Characterization of Drug Loaded HBR
3.3.3.1 FTIR Results

In drug delivery studies to determine the drug-polymer interactions the most
commonly used characterization method is the FTIR analysis. In this study, HBR and
drug loaded HBR were analyzed by FTIR and the interactions were determined.
Changes in the transmittance peaks were compared by the FTIR results of free drug

(Data not shown).
3.3.3.1.1 Tamoxifen Loaded HBR

FTIR results of tamoxifen loaded HBR (HBR-TAM) and empty HBR are shown in
Figure 3.9. When all peaks were identified no difference was observed between
tamoxifen loaded and empty HBR. This might be due to the fact that tamoxifen could
not be entrapped into HBR. However after tamoxifen loading, HPLC analysis proved

the presence of tamoxifen. In addition changes that occur after tamoxifen loading
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was determined with various analysis that was discussed in this chapter. Therefore
the presence of tamoxifen in HBR was shown with different methods. In the second
assumption tamoxifen could present in the sample but it might not be entrapped into
HBR. If tamoxifen was not entrapped into HBR polymers then transmittance peaks of
free drug should be detected with the same wavelength ranges; however peak of
tamoxifen was not found. All these have suggested that tamoxifen was physically
entrapped into HBR polymers and the chemical groups of tamoxifen were masked by
HBR.

In the literature similar results were obtained. In the study of Vishnu et al. (2007)
carvedilol and muchoadhesive type polymers were investigated. The IR spectra
showed that there were no differences between hydoxypropyl methyl cellulose
(HPMC) polymers and carvedilol, which proposed a physical interaction and drug
molecules was present in an unchanged state in the HPMC polymer. The study of
Tayade et al. (2003) also showed the physical interaction with FTIR results. The
mixtures of iburprofen-gelatin micropellets indicated no difference compared with the

free components and they suggested a physical interaction.
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Figure 3.9 IR spectra of HBR and HBR-tamoxifen (HBR-TAM).

3.3.3.1.2 Idarubicin Loaded HBR

Figure 3.9 shows the FTIR results of HBR and hyperbranched resin-idarubicin (HBR-
IDA) formulations. According to the absorbtion spectra it was noticed that the
intensity of O-H stretching frequency at 3483 cm™ did not changed, which means
there were no hydrogen bonding with O-H groups of idarubicin. By idarubicin
entrapment new peak was formed at 1675 cm™ which might be suggested as —C-N- ,
—C=N- or C=0 bonding. Since the frequencies of these chemical groups overlapped
with each other the exact chemical interaction could not be identified. Primary amine
N-H bend of pure idarubicin gave peak at 1636 cm™ (Data is not shown). Amine
group of idarubicin might be covalently interacted with carbon atoms of HBR and
new peak was formed at 1675 cm™. Because of the intensity of ester peak (1735 cm™
") did not change, an amide bond formation probably did not occur but -C-N-

covalent bond might be formed by methyl or methylene carbons of HBR. The
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chemical interaction of idarubicin with HBR was shown by IR spectra but in order to
identify exact interaction, further analysis may be needed (Bruker Optics 2006,
Coates 2000).
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Figure 3.10 The comparison of FTIR spectra of HBR and HBR-Idarubicin ( HBR-IDA).

3.3.3.2 Particle Size Distribution and Zeta Potential

Particle size and distribution plays an important role in drug release. Reports indicate
that small particles (<500 nm) could pass through epithelial barriers by endocytosis
which suggests an advantage for nanoparticles in order to permeate across
physiological drug barriers (Zhang et al. 2006, Dong et al. 2004).

Particle size and distribution profile of the samples are shown in Table 3.2 and
Figure 3.11. Tamoxifen and idarubicin (2.66 pg/mg and 8 pg/mg) were loaded to

HBR and particle sizes were compared. Size of HBR formulations varied from
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approximately from 206 nm to 276 nm with low polydispersity. The results indicated
that after loading tamoxifen and idarubicin, size of the nanoparticles get smaller.
Since HBR could entrap idarubicin and tamoxifen either physically or chemically, in
both conditions fatty acid tails may surround the drug molecules which may cause
decrease in particle size. By increasing the concentrations of these drugs, a
significant decrease was detected for HBR-TAM. For HBR-IDA, increasing drug
concentrations did not affect the size significantly. This difference might be related to
greater molecular weight and chemical interaction of idarubicin. Particle size

distribution of samples was in Appendix B.

There are examples in the literature relating with the particle size decrease after
loading with drug. In the study of Ameller and co workers (2003) pure anti estrogen
RU 58668 was loaded into nanospheres and nanocapsules prepared from different
polyester copolymers. Similarly in the study of Maillar et al. (2005) RU 58668
incorporated into nanocapsules coupling with polyethylene glycol chains. In both
study particle size of the nanoparticles decreased after drug loading study. The
reason of this decrease was explained by the property of RU 58668 drug. Low
solubility and high hydrophobicity might lead to more compact structure with
nanoparticle. In our study since two highly hydrophobic drugs were used, it might
also increase the compaction and adsorption into the HBR thus particle size might

be decreased.

A particle in an agueous medium constitutes always a fixed charge and surrounds by
a counter ion that is present in the solution. (Bhattacharya et al. 2006). Zeta potential
is the magnitude of the electrostatic potential at the plane of shear and is an
important index to evaluate the stability of the particles (Huang et al. 2006). It gives
an idea about overall surface charges of the particle and how it is affected by the
environment. The potential also suggests the route of the particles in vivo conditions
against physiological barriers (Barrat 1999). It plays an important factor to determine
their interaction with the cell membrane, which is usually negatively charged (Dong
et al. 2003)
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Figure 3.11 Size distribution graph of the HBR-IDA (a) and HBR-TAM (b) based on particle

size analyzer samples, measured in aqueous dispersant at 24°C. (MeantSEM, n=2)
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Table 3.2 Particle Size (nm), Polydispersity Index (PDI) and Zeta Potential (mV) results of
HBR, HBR-IDA and HBR-TMX samples. Drug/HBR (ug/mg) ratio that is used for the analysis

and their loading efficiencies are also given. (Mean + SEM, n=2).

Loading Poly Zeta
pgdrug/  Efficiency Particle Size dispersity Potential
mgHBR (%) (nm) Index (PDI) (mV)
HBR - - 276.46 + 8.63 0.187 £0.005 -41.2+0.7
2.66 59.6 + 4.32 217.1 +£5.56 0156 +0.014 -41.35+1.55
HBR-IDA 8 4526 +1.18 215.16+4.16 0.163 £ 0.003 -40.55+0.95
2.66 40 +1.38 232.2+273 0.172+0.002 -43.65%2.15
HBR-TAM | 8 37.47 £1.67 206.93 +0.01 0.142+0.012 -40.15%+1.15

Table 3.2 shows zeta potential results of the samples. The potential value of drug
unloaded HBR particles were detected as -41.2 mV. After loading drugs in different
concentrations, potential of HBR did not significantly changed. According to the
results, it was suggested that potential of the drugs might be masked by entrapping
into fatty acid tails of HBR (Ameller et al. 2003, Cavallaro et al. 2004).

When the potential ranges of all HBR formulations were investigated it was detected
that all samples had a potential smaller than -30 mV. The particles that have zeta
potential charge in between -30 mV and +30 mV have physical instability (Zeta Sizer
Nanoseries 2008) and have potential of aggregation in aqueous solutions. HBR
formulations were in the range of full electrostatic stabilization and negative charge

prevents aggregation in buffer solutions (Lee et al. 2007, Zhang et al. 2006).

68



3.3.4 Drug Release Study

Drug release conditions of HBR polymers were studied by considering the chemical
characterization results. The nature of HBR was hydrophobic and zeta potential
results showed the stability of the particles in aqueous environment. Moreover,
biodegradation results of HBR in the absence of lipase proposed the stability of
these particles. As a result of this analysis lipase from Pseudomonas sp. was added
to the system to increase the degradation of HBR structure so the rate of drug
delivery would be increased (Jugminder et al. 2002, Yu et al. 2005). The effect of the

lipase on HBR degradation was discussed in 3.4.1.

All release studies were performed by using dialysis methods in phosphate buffered
saline (pH 7.4) at 37°C. In one set of tamoxifen release experiments, 5% (v/v) of
DMF was applied to the PBS solution. Yang et al. (2005) used DMF for facilitating
the solubilization due to poor water solubility of polymers. The second experiment
was maintained for idarubicin and tamoxifen by adding 0.5 % (w/v) sodium dodecyl
sulfate (SDS) and 50 pl of Pseudomonas sp. lipase (4 mg/ml) to the 3 ml of PBS
solution. In order to prevent the adsorbtion of the drugs into the dialysis bags or walls
of the falcon tubes, SDS was used (Hu et al. 2006).

3.3.4.1 Tamoxifen Release

HPLC results of released tamoxifen in PBS (5 % DMF) at 37°C are illustrated in
Figure 3.12 below. For the release study 2.66 ug tamoxifen was loaded per mg of
HBR with a 43.5 % loading efficiency. HPLC results indicated that the presence of
DMF was insufficient for the release of tamoxifen. At 100 days approximately 4.53
% of tamoxifen was released from HBR polymers. A non-significant release was
detected up to 17 days while release was increased linearly up to 69 days and 4.53
% of tamoxifen was delivered. Release became a steady state form 69 days to 100
days. Poor solubility of tamoxifen could be also the reason which released
tamoxifen might not be detected by HPLC due to adsorbtion to the walls of the tubes

or dialysis bags.
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Figure 3.12 Cumulative release of tamoxifen from HBR in 5% (v/v) DMF containing 0.01 M
PBS (pH 7.4) at 37°C (Mean + SEM, n=2).

In the second set, tamoxifen release was investigated in 0.5 %( w/v) SDS and
Pseudomonas sp. lipase containing PBS at 37°C and efficient delivery results were
detected in these conditions. The concentration of 2.66 ug/mg and 8ug/mg of
tamoxifen were used for release with 43.5 % and 37.48 % entrapment efficiency. For
the concentration of 2.66 ug/mg, release began at day of 5 and 87 % of the loaded
drug was released in 55 days (Figure 3.13). Release of 8 ug/mg tamoxifen was
increased linearly up to 20 days and totally 61.34 % of tamoxifen was released in 55
days. It was noticed that during release process burst effect of the polymer did not
observed which might be beneficial for the bioavailability. Another point that was
noticed is the efficiency of the tamoxifen release which varied according to the
concentration of the loaded tamoxifen. By considering the experiments it was

proposed that increasing the amount of drug lowered the rate of release.

In the literature there are studies that discussed the concentration effect on the
release rate of the drug. Skolosky-Popkov et al. (2008) studied paclitaxel release
from ricinoleic acid based polyanhydrides and copolyesters. In this study increasing
the concentration of the drug caused to increase the hydrophobicity of the system.
By this effect, water penetration into the polymer matrix and degradation of the

polymer was decreased, hence increasing the concentration of the drug, slowed
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down the release rate. The results of Skolosky-Popkov et al. (2008) could also be
acceptable for the tamoxifen release from HBR. Considering the results of FTIR and
particle size distribution, a proposal was made by concerning with the physical
interaction of tamoxifen with HBR and decreasing the particle size by entrapment of
the drug. Increasing the amount of drug might lead to increasing the hydrophobicity
of the system and drug molecules might be adsorbed into the HBR more efficiently.

As a result, tamoxifen was released more slowly in higher concentrations.
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Figure 3.13 Cumulative release of tamoxifen from HBR in PBS (pH 7.4) which contains
0.5%(w/v) SDS and Pseudomonas sp. lipase at 37°C (Mean + SEM, n=2).

3.3.4.2 Idarubicin Release

As discussed previously, idarubicin was chemically interacted with HBR polymers
thus release were expected to be slower than tamoxifen. Results of idarubicin
release confirmed the expectations, however the rate of release was determined to
slower than the estimation (Figure 3.14). For 2.66ug/mg and 8ug/mg concentration
of idarubicin, cumulative release was obtained less than 1% in 75 days in PBS buffer
(pH 7.4, 0.5% SDS, Pseudomonas sp. lipase at 37°C) which indicated a dramatically

slower release than expected.
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Idarubicin release rate was also changed by increasing drug concentration. When
the amount was increased from 2.66ug/mg to 8ug/mg cumulative release was
declined significantly. Since idarubicin had a hydrophobic nature, results could be
explained by the same reasons that was explained for the concentration dependent

tamoxifen release.
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Figure 3.14 Cumulative release of idarubicin from HBR in PBS (pH 7.4) which contains
0.5%(w/v) SDS and Pseudomonas sp. lipase at 37°C (Mean + SEM, n=2).

To investigate the reason of slow idarubicin release, various parameters should be
considered. First of all due to chemical interaction of idarubicin, water penetration
might not be as fast as in tamoxifen release, therefore only small amount of drug
might be released. Moreover the amount of enzyme application might not be enough
for degradation of the complex or released idarubicin might be adsorbed into the

walls of dialysis bags or tubes even in the presence of SDS.

Although slow release rate results were determined, cytotoxicity of the HBR-IDA
showed (the results will be discussed in the next chapter) the efficiency of the drug
on MCF-7 cell lines in 96h at 37°C. All these results and suggestions should be

considered for the future studies.
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3.3.5 Cytotoxicity

Testing for cytotoxicity is a good first step toward ensuring the biocompatibility of
biomaterials for drug delivery systems. To reduce the extent of safety issues in
laboratory animals, in vitro cell cultures have gained importance. A negative result
indicates that a material is free of harmful products or has an insufficient quantity of
them to cause acute effects to isolated cells. On the other hand, a positive
cytotoxicity test result can be taken as an early warning sign that a material contains
one or more extractable substances that could be of clinical importance. In such
cases, further investigation is required to determine the utility of the material.
(Ameller et al. 2004, Wallin et al. 1998).

Cytotoxiciy of empty HBR and drug loaded HBR was determined by using XTT
assay kit. 5000 MCF-7 cells/well were seeded to 96 well plates at 37°C. Cells that
are exposed to empty HBR were incubated for 96h and cells that are exposed to
drug loaded HBR samples were incubated for 48h, 72h and 96h at 37°C. In the study
of Kars et al. (2007) doubling time of MCF-7 cells was determined as 28.55h + 1.57
therefore 96h of incubation is determined to be the highest value for MCF-7 to
tolerate. Cell proliferation profiles were determined by considering control groups.

The procedure was explained in detail in 2.70.2.

Ideal HBR concentration was determined by preliminary experiments. Since the
solubility of the HBR in aqueous medium is quite low, dimethyl sulfoxide (DMSO)
was used as solvent. By considering the toxicity of DMSO, predetermined amount of

solvent was used (10 % v/v) and maximum amount of HBR was dissolved.

An important point was to determine the maximum amount of drug that was toxic to
sensitive MCF-7. The optimum concentration of the drug was determined as 2.66 ug
per mg of HBR. Drug loading efficiency of HBR was calculated and the amount of
drug that could be exposed to the cells was determined. Cell viability profiles and
ICso values were determined after each sample exposure. Logarithmic equations of

these viability graphs are given in detail in Appendix C.
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3.3.5.1 Cytotoxicity of Empty and Drug Loaded HBR

Empty HBR were applied to the cells in order to see the toxicity profile of HBR.
Figure 3.15 shows MCF-7 cell viability after 96h of incubation with HBR formulations
between 1.59 pg/ml to 812 pg/ml. Toxicity profile of empty HBR suggested that
concentration amounts of 812 ug/ml and 406 ug/ml caused a mild level toxicity, while
other concentrations caused a slight decrease in the viability of MCF-7 cells.
Concentration ranges between 1.59 pg/ml and 101.5 pg/ml did not cause a
significant decrease in cell viability. However after exposure to 203 pg/ml of HBR,
cell proliferation decreased significantly. The lowest cell viability was determined
after 812 pg/ml HBR treatment which was 52.58 %. These results indicated that

exposure to empty HBR even after 96 h of incubation was well tolerated by the cells.
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Figure 3.15 Cell proliferation profiles of MCF-7 cell line after 96h incubation with HBR, HBR-
IDA, HBR-TAM at 37°C. Cell proliferation was determined by XTT assay. Cell proliferation
percentage of samples was determined by considering the 100% proliferation of control
groups. Results in the figure represent Meant SEM. All experiments were carried out in
duplicates and HBR-TAM experiment were carried on triplicates, *p<0.05 relative to empty
HBR treated cells.
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Figure 3.15 also shows cytotoxicity profiles after HBR-IDA and HBR-TAM treatment.
HBR-TAM and HBR-IDA concentrations between 25.38 ug/ml to 812 ug/ml displayed
a significant toxicity relative to empty HBR. 812 ug/ml of HBR-IDA had the greatest
toxicity which was determined as 27.47 %. Results indicated the efficiency of drug
loaded HBR. It was suggested that drug was released in the cell and showed its

toxic effect.

ICso values of the empty and drug loaded HBR is given in Table 3.3. After 96 h of
incubation with empty HBR, ICsq was determined as 11.12 mg/mL which was quite
different from the 1Cs, values of the drug loaded HBR. 1Cs, of HBR-IDA was 72.8-
fold smaller than the empty HBR and determined as the most potent formulation.
ICso values of HBR-TAM was also examined as 25-fold more potent in comparison
with empty HBR. When time dependent I1C5, values were compared, after 96h of
incubation, HBR-IDA was found to be 6.90-fold more toxic than 48h of incubation.
For HBR-TAM, 96h of treatment showed 4 times and 1.96 times more potency
relative to 48 h and 72 h of incubation respectively. These results indicated time
dependent toxicity of HBR-IDA and HBR-TAM as expected.

Table 3.3 ICs profiles of empty and drug loaded HBR at different incubation periods. (Mean
+ SEM, n=2, ?n=3)

ICso of HBR (pg/ml) 48 h 72h 96 h
HBR - - 11.12 £ 0.039
HBR-IDA 1.055 + 0.084 0.460 + 0.001 0.153 + 0.001
HBR-TAM 1.801 +0.017 0.918+0.019  0.445+0.003°
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3.3.5.2 Cytotoxicity of Free Drugs and Drug Loaded HBR

In order to investigate the efficiency of HBR-IDA and HBR-TAM on MCF-7 cells,
cytotoxicity of free drugs were determined. The concentration of free drug was

determined by considering the concentration of entrapped drug in HBR.

The illustration in Figure 3.16 shows the toxic effects of HBR-IDA and free idarubicin
on cells with respect to exposure time. In all 48 h, 72 h, 96 h of incubation periods,
more toxicity was observed by idarubicin loaded nanoparticles and the most
significant difference of HBR-IDA relative to free idarubicin was determined at 48 h
[Figure 3.16 (a)]. After application of 4000 nM of entrapped idarubicin for 48h, 72 h,
and 96 h, the viability was examined as 47 %, 40 % and 27.5 % respectively.

When time dependent toxicity of HBR-IDA were analyzed, it was shown that
increasing the incubation time, leads to decrease the differences between dose
dependent viability percentages [Figure 3.16 (b) and (c)]. In addition, the significant
difference between HBR-IDA and free idarubicin decreased to non-significant ranges
when the incubation exposure was increased from 48 h to 96 h for the concentration
of 250 nM and 62.5 nM. ICs, values confirmed these results. Table 3.3 below shows
the ICsq values after 48 h, 72 h and 96 h incubations. 48 h incubation of HBR-IDA
seemed 4.8 fold more potent than the free drug. However, when incubation was

increased to 72 h and 96 h, difference was decreased to 3.4 fold and to 1.9 fold.

Figure 3.17 shows the cytotoxicity effects of tamoxifen and HBR-TAM. The highest
three doses of HBR-TAM showed the most significant toxicity relative to free
tamoxifen. By increasing the incubation time to 96h, HBR-TAM showed more
potency relative to free tamoxifen. For the highest dose of entrapped tamoxifen, the
cell viability was determined as 52 % for 48 h, 45 % for 72 h and 35.4 % for 96 h of

incubation.
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Figure 3.16 Cell proliferation profiles of MCF-7 cells after exposure to idarubicin and HBR-
IDA at 37°C for 48h (a), 72h (b) and 96h (c). Cell proliferation was determined by XTT assay.
Cell proliferation percentage of samples was determined by considering the 100%
proliferation of control groups. Results in the figure represent Meant SEM, experiments were
carried out in duplicates and triplicates (ldarubicin application for 48h and 72h), *p<0.05

relative to free idarubicin treated cells.
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ICso values of the HBR-TAM and tamoxifen formulation is given in the Table 3.4.
Results indicated that at 48 h HBR-TAM was 109 times more potent that free
tamoxifen exposure. Furthermore the toxicity of HBR-TAM was determined as 100.5

and 29 times more toxic at the incubation time of 72 h and 96 h respectively.

According to the release studies, 12.5 % of tamoxifen and 0.38 % of idarubicin was
released in 4 days. However cyototoxicity profiles of both formulations suggested
that both drugs showed their effect on breast cancer cells which might be explained
by release of the drugs. Since diameter of HBR-IDA and HBR-TAM were suitable for
endosomal uptake, idarubicin and tamoxifen might be released from the HBR and
might be activated by a less specific process, pH controlled hydrolysis or by very
specific enzymolysis (Ulbrich et al. 2003). The results might be explained by very
significantly different conditions of drug release in dialysis bags and in cell cultures.
During release experiments, concentrated HBR-Drug formulations in the dialysis
bags might inhibit diffusion of drugs from the nanoparticles. However for cytotoxicity
analysis more dilute HBR-Drug formulation was applied onto the cells so release rate

might be increased.

Table 3.4 ICs concentrations of Drug-HBR formulations and free drugs after 48 h, 72 h, 96 h
of treatment to MCF-7 cells. (Mean + SEM, n=2,  n=3)

ICso of drugs (UM) 48 h 72 h 96 h
HBR-IDA 5.19+0.42 2.26 £ 0.036 0.752 + 0.003
IDA 2495+109° 76+0.2° 1.415 + 0.031
HBR-TAM 8.52 £ 0.078 3.58+£0.75 2.1 £0.016°
TAM 921 + 281 36025 60.9 + 3.7°

Lee et al. (2007) studied release and cytotoxicity effects of paclitaxel loaded solid
lipid nanoparticles. According to this study 10% of loaded paclitaxel released in 24 h,

however these formulations displayed efficient effects on ovarian cancer cells. Lee
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Figure 3.17 Cell Proliferation profiles of MCF-7 cell line after exposure to tamoxifen and
HBR-TAM at 37°C for 48h (a), 72h (b) and 96h (c). Cell proliferation was determined by XTT
assay. Cell proliferation percentage of samples was determined by considering the 100%
proliferation of control groups. Results in the figure represents Meant SEM, experiment were
carried out in duplicates and ftriplicates (Tamoxifen and HBR-TAM application for 96h),

*p<0.05 relative to free tamoxifen treated cells.
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and co-workers suggested an additional work by addition of serum or lipase could
cause enhanced release. In addition, tumor cells showed higher endocytotic activity

leading to increase in the internalization of the particles into the cells.

It has been known that MCF-7 cells develop resistance after drug applications.
These cellular resistance mechanisms trigger the effectiveness of efflux pumps
which resulting pumping out drugs from the cell. P-gp pumps are the transmembrane
proteins that are responsible for the efflux mechanism of the resistant cancer cells. In
this study, sensitive cell lines are used which had not overexpressed P-gp pumps,
but efflux mechanism was exist. Therefore after application of free idarubicin and
free tamoxifen to the cells, partial amount of drug probably removed out from the
cell. The effectiveness of the HBR-drug nanoparticles over sensitive MCF-7 cells
suggested that by HBR nanoparticles, efflux of the drugs might be partially slowed
down. Similar results were obtained in other studies. In the study of Vaulthier et al.
(2003) the effect of nanoparticles over resistant tumor cells were investigated.
According to this study certain mechanisms were suggested in order to explain the
inhibition of P-gp efflux. These nanoparticles might attach to the cell surface and
might release drug through the membrane, by this way drug might not be recognized
by the P-gp pumps as free drugs. In addition, nanoparticles might enter to the cells
by endocytosis and drug release starts by degradation of the polymer. Thus the time
of interaction of drug with the cell will be longer, causing a higher affectivity on
cancer cells. As a result of these mechanisms the function of P-gp pumps might be
slowed down. Since multidrug resistance mechanisms are one of the major problems
in cancer chemotherapy, these types of drug delivery systems could be a candidate

to inhibit chemotherapy resistance in cancer patients.

When these mechanisms are adapted to the study, similar suggestions might be
proposed. In vitro release results and degradation profiles showed that HBR
nanoparticles could not release drugs significantly in 96h, therefore an effective
degradation of these particles without entering the cell might not be possible.
However the suggestion of attaching to the cell membrane and releasing drug into
the cell might be investigated. In addition, as discussed previously nanoparticles

might enter through the cell by endocytosis and after lysosomal degradation
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sustained drug release might lead to the more toxic effect relative to free drug. In
order to confirm these suggestions, cytotoxicity analysis might be applied to the drug
resistant cells and the behavior might be investigated. Furthermore the route of the

nanoparticles in the cells should be searched.
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CHAPTER 4

CONCLUSION

Hyperbranched polymers are used in drug delivery studies due to their wide range of
chemical and physical properties. In this study, fatty acid based hyperbranched
polymers were synthesized, and characterization results showed the potential of the
polymer in drug delivery researches. By the end of the study biodegradation
property, hydrophobic drug entrapment efficiency was shown. In addition, drug
loaded HBR polymer were more effectively killed breast cancer cells with respect to
the free drug application. As a result, the potential of the HBR polymers in drug

delivery studies was shown.

e To prevent complete esterification of ricinoleic acid with hyperbranched

polyesters, reaction was stopped at acid value of 38.8 + 2.7.

e The chemical groups of ricinoleic acid in hyperbranched resins were shown
by FTIR analysis and the presence of expected carbon atoms and HBR

synthesis was shown by "*C NMR.

e Molecular weight distribution of HBR was lowered after washing with
methanol. Molecular weight determied as Mn: 10913 + 90, Mw: 23099 +
3142.5 and polydispersity as 2.11 + 0.27.

o Degradation was determined in the presence and absence of lipase. With
lipase, HBR polymer was degraded almost completely while without lipase

the degradation was not significant in PBS buffer.
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Tamoxifen was loaded into HBR with maximum 73% and idarubicin was
loaded with 74 % of efficiency.The most efficient loading was obtained for

initial drug concentration of 0.66ug/mg.

By considering FTIR results, it was suggested that tamoxifen was physically

entrapped while idarubicin entrapment was chemical.

Zeta potential results of drug loaded and empty HBR were around -40 mV

and -44 mV indicating the stability of HBR in aqueous solutions.

Particle size of empty HBR was determined as 276.46 + 8.63. When drugs
were loaded, particle size was decreased depending on initial drug/polymer

ratio.

In the test tube tamoxifen was released approximately 4.5 % in PBS. By the
adding lipase and SDS release was increased 19-fold for tamoxifen
concentration of 2.66 pg/mg and 13.4-fold increased for the tamoxifen
concentration of 8 yg/mg. The release of idarubicin in the test tube was not

increased significantly by lipase and SDS addition.

ICso value of empty HBR nanoparticles was determined as 11 mg/ml at 96 h
of incubation. It was concluded that empty polymer did not cause a significant

toxicity to breast cancer cells.
HBR-IDA was determined to be maximum 4.8-fold more potent relative to

free idarubicin at 48h and the potency of HBR-TAM was maximum 108-fold

more potent at 48h when compared with free tamoxifen.
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4.1 Recommendations

There are few recommendations that should be noticed for the further studies:

In order to increase the solubility of HBR in agueous medium and to increase
the degradation rate, hydroxyl based molecules like poly(ethylene glycol)
might be esterified with the hydroxyl groups of ricinoleic acids. By this way
hydrophobic drug could be entrapped into the core of HBR while outer part of

the polymer could be more hydrophilic.

To determine the branching units and number of functional end groups of the

system, '"H NMR and "*C NMR analysis could be analyzed in detail.

To increase the release rate of idarubicin, different release conditions might

be tested.

The route of HBR-Drug formulation in the cells could be analyzed more

detailed and enzymatic degradation of HBR in the cells could be investigated.

Cytotoxicity analysis could be done onto resistant MCF-7 cells. Deveopment

of resistance could also be tested by using drug loaded HBR nanoparticles.
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APPENDIX A

ACID NUMBER DETERMINATION

Acid value (or Acid number) is the mass of potassium hydroxide (KOH) that is
required to neutralize fatty acids that is found in 1 gram of chemical substance. In
other words acid number is a measure of carboxylic acid groups in chemical
substance.

In acid number determination procedure, standaridized 0.1M KOH is used for
titration. Standard potassium hydroxide solution is prepared by titration with
standardized 0.1M HCI solution.

Dry resin sample (0.005g) is dissolved in isopropyl alcohol:toluene (1:1) mixture.
Phenolphthalein is used as a indicator for both titration steps. Then solution is
titrated with 0.1M KOH solution. Acid value is determined by the equation as follows
(Equation A.1):

VkonX NkonX MW ko

i = (A.1)
Acid Number W.

Vion is volume of KOH used to titrate sample,
Nkon is normality of KOH,

W, is weight of sample in grams.
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APPENDIX B

PARTICLE SIZE DISTRIBUTION

Table B1. Experimental conditions that had been used for particle size measurements.

Material RI; 1.59

Temperature: 24°C

Material Absorbtion: 0.01

Cell Description: Disposable Sizing

Cuvette

Dispersant Name : Water

Measurement Position(nm): 5.50

Dispersant RI: 1.33

Duration Used: 60

Viscosity: 0.9086

Temperature: 24°C

Cell Description: Disposable Sizing

Cuvette
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Table B2. Average particle size distribution data and average particle size values of HBR

sample.
Sample Name: HBR | Z-Average (nm) PDI
Sample 1: 267.83 0.193
Sample 2: 285.1 0.181
Mean % Mean % Mean %
Size Intensity Size Intensity Size Intensity
0.4 0 13.54 0 458.7 6.966667
0.4632 0 15.69 0 531.2 4.883333
0.5365 0 18.17 0 615.1 3.016667
0.6213 0 21.04 0 712.4 1.583333
0.7195 0 24.36 0 825 0.633333
0.8332 0 28.21 0 955.4 0.15
0.9649 0 32.67 0 1106 0.016667
1.117 0 37.84 0 1281 0
1.294 0 43.82 0 1484 0.016667
1.499 0 50.75 0 1718 0.033333
1.736 0 58.77 0.05 1990 0.066667
2.01 0 68.06 0.15 2305 0.1
2.328 0 78.82 0.283333 2669 0.133333
2.696 0 91.28 0.6 3091 0.166667
3.122 0 105.7 1.45 3580 0.166667
3.615 0 122.4 3 4145 0.166667
4.187 0 141.8 5.116667 4801 0.166667
4.489 0 164.2 7.416667 5560 0.15
5.615 0 1901 9.5 6439 0
6.503 0 220.2 11.03333 7456 0
7.531 0 255 11.75 8635 0
8.721 0 295.3 11.58333 1000 0
10.1 0 342 10.61667
11.7 0 396.1 8.966667
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Table B3. Average particle size distribution data and average particle size values of HBR-

TAM (2.66ug/mg).

Sample Name: HBR- | Z-Average (nm) PDI
TAM (2.66ug/mg)
Sample 1: 234.93 0.174
Sample 2: 229.46 0.170
Mean % Mean % Mean %
Size Intensity Size Intensity Size Intensity
0.4 0 13.54 0 458.7 54
0.4632 0 15.69 0 531.2 3.35
0.5365 0 18.17 0 615.1 1.716667
0.6213 0 21.04 0 712.4 0.633333
0.7195 0 24.36 0 825 0.15
0.8332 0 28.21 0 955.4 0
0.9649 0 32.67 0 1106 0
1.117 0 37.84 0 1281 0
1.294 0 43.82 0 1484 0
1.499 0 50.75 0 1718 0
1.736 0 58.77 0 1990 0.016667
2.01 0 68.06 0.016667 2305 0.016667
2.328 0 78.82 0.116667 2669 0.033333
2.696 0 91.28 0.566667 3091 0.066667
3.122 0 105.7 1.9 3580 0.116667
3.615 0 122.4 4.183333 4145 0.183333
4.187 0 141.8 6.85 4801 0.216667
4.489 0 164.2 9.4 5560 0.233333
5.615 0 1901 11.31667 6439 0
6.503 0 220.2 12.31667 7456 0
7.531 0 255 12.33333 8635 0
8.721 0 295.3 11.41667 1000 0
10.1 0 342 9.766667
11.7 0 396.1 7.65
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Table B4. Average particle size distribution data and average particle size values of HBR-

TAM (8ug/mg).

Sample Name: HBR- | Z-Average (nm) PDI
TAM (8ug/mg)
Sample 1: 206.93 0.154
Sample 2: 206.93 0.130
Mean % Mean % Mean %
Size Intensity Size Intensity Size Intensity
0.4 0 13.54 0 458.7 2.9
0.4632 0 15.69 0 531.2 1.166667
0.5365 0 18.17 0 615.1 0.3
0.6213 0 21.04 0 712.4 0
0.7195 0 24.36 0 825 0
0.8332 0 28.21 0 955.4 0
0.9649 0 32.67 0 1106 0
1.117 0 37.84 0 1281 0
1.294 0 43.82 0 1484 0
1.499 0 50.75 0 1718 0
1.736 0 58.77 0 1990 0
2.01 0 68.06 0 2305 0
2.328 0 78.82 0 2669 0
2.696 0 91.28 0.45 3091 0
3.122 0 105.7 2.283333 3580 0.033333
3.615 0 122.4 5.333333 4145 0.083333
4.187 0 141.8 8.816667 4801 0.15
4.489 0 164.2 11.9 5560 0.2
5.615 0 1901 13.83333 6439 0
6.503 0 220.2 14.3 7456 0
7.531 0 255 13.31667 8635 0
8.721 0 295.3 11.15 1000 0
10.1 0 342 8.333333
11.7 0 396.1 5.416667
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Table B5. Average particle size distribution data and average particle size values of HBR-

IDA (2.66ug/mg).
Sample Name: HBR- | Z-Average (nm) PDI
IDA (2.66ug/mg)
Sample 1: 222.66 0.166
Sample 2: 211.53 0.146
Mean % Mean % Mean %
Size Intensity Size Intensity Size Intensity
0.4 0 13.54 0 458.7 4.35
0.4632 0 15.69 0 531.2 2.41666667
0.5365 0 18.17 0 615.1 1.05
0.6213 0 21.04 0 712.4 0.31666667
0.7195 0 24.36 0 825 0.06666667
0.8332 0 28.21 0 955.4 0
0.9649 0 32.67 0 1106 0
1.117 0 37.84 0 1281 0
1.294 0 43.82 0 1484 0
1.499 0 50.75 0 1718 0
1.736 0 58.77 0 1990 0
2.01 0 68.06| 0.01666667 2305 0
2.328 0 78.82 0.1 2669 0
2.696 0 91.28| 0.83333333 3091 0.01666667
3.122 0 105.7| 2.66666667 3580 0.03333333
3.615 0 122.4 5.3 4145 0.06666667
4.187 0 141.8| 8.08333333 4801 0.1
4.489 0 164.2| 10.5333333 5560 0.13333333
5.615 0 1901 12.1333333 6439 0
6.503 0 220.2| 12.7833333 7456 0
7.531 0 255 12.35 8635 0
8.721 0 295.3| 11.0166667 1000 0
10.1 0 342 9
11.7 0 396.1 6.65
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Table B6. Average particle size distribution data and average particle size values of HBR-

IDA (8 pg/mg).

Sample Name: HBR- | Z-Average (nm) PDI
IDA (8 ug/mg)
Sample 1: 211 0.165
Sample 2: 219.33 0.159
Mean % Mean % Mean %
Size Intensity Size Intensity Size Intensity
0.4 0 13.54 0 458.7 4.283333
0.4632 0 15.69 0 531.2 2.266667
0.5365 0 18.17 0 615.1 0.85
0.6213 0 21.04 0 712.4 0.166667
0.7195 0 24.36 0 825 0.033333
0.8332 0 28.21 0 955.4 0
0.9649 0 32.67 0 1106 0
1.117 0 37.84 0 1281 0
1.294 0 43.82 0 1484 0
1.499 0 50.75 0.05 1718 0
1.736 0 58.77 0.1 1990 0
2.01 0 68.06 0.133333 2305 0
2.328 0 78.82 0.2 2669 0
2.696 0 91.28 0.966667 3091 0
3.122 0 105.7 2.7 3580 0.016667
3.615 0 122.4 5.2 4145 0.05
4.187 0 141.8 7.9 4801 0.1
4.489 0 164.2 10.36667 5560 0.133333
5.615 0 1901 12.08333 6439 0
6.503 0 220.2 12.81667 7456 0
7.531 0 255 12.5 8635 0
8.721 0 295.3 11.2 1000 0
10.1 0 342 9.166667
11.7 0 396.1 6.716667
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APPENDIX C

CELL PROLIFERATION GRAPHS AND LOGARITHMIC EQUATIONS
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Figure C.1 Cell Proliferation of MCF-7 after incubation with 96 h of empty HBR.
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Figure C.2 Cell Proliferation of MCF-7 after incubation with 96 h of HBR-TAM. Logarithmic
equation determined according to the HBR concentration.
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Figure C.3 Cell Proliferation of MCF-7 after incubation with 96 h of HBR-TAM. Logarithmic
equation determined according to the tamoxifen concentration.
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Figure C.4 Cell Proliferation of MCF-7 after incubation with 72 h of HBR-TAM. Logarithmic
equation determined according to the HBR concentration.
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Figure C.5 Cell Proliferation of MCF-7 after incubation with 72 h of HBR-TAM. Logarithmic
equation determined according to the tamoxifen concentration.
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Figure C.6 Cell Proliferation of MCF-7 after incubation with 48 h of HBR-TAM. Logarithmic
equation determined according to the HBR concentration.
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Figure C.7 Cell Proliferation of MCF-7 after incubation with 48 h of HBR-TAM. Logarithmic
equation determined according to the tamoxifen concentration.
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Figure C.8 Cell Proliferation of MCF-7 after incubation with 96 h of HBR-IDA. Logarithmic
equation determined according to the HBR concentrationn.
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Figure C.9 Cell Proliferation of MCF-7 after incubation with 96 h of HBR-IDA. Logarithmic
equation determined according to the idarubicin concentration.
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Figure C.10 Cell Proliferation of MCF-7 after incubation with 72 h of HBR-IDA. Logarithmic
equation determined according to the HBR concentration.
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Figure C.11 Cell Proliferation of MCF-7 after incubation with 72 h of HBR-IDA. Logarithmic
equation determined according to the idarubicin concentration.
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Figure C.12 Cell Proliferation of MCF-7 after incubation with 48 h of HBR-IDA. Logarithmic
equation determined according to the HBR concentration.

110



120
100 y=-12,927Ln(x) + 135,63

80
60

40

20

Cell Proliferation (%) at 48h

0 1000 2000 3000 4000 5000

Concentration idarubicin (nM)

Figure C.13 Cell Proliferation of MCF-7 after incubation with 48 h of HBR-IDA. Logarithmic
equation determined according to the idarubicin concentration.
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Figure C.14 Cell Proliferation of MCF-7 after incubation with 96 h of tamoxifen
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Figure C.15 Cell Proliferation of MCF-7 after incubation with 72 h of tamoxifen
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Figure C.16 Cell Proliferation of MCF-7 after incubation with 48 h of tamoxifen
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Figure C.17 Cell Proliferation of MCF-7 after incubation with 96 h of idarubicin
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Figure C.18 Cell Proliferation of MCF-7 after incubation with 72 h of idarubicin
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Figure C.19 Cell Proliferation of MCF-7 after incubation with 48 h of idarubicin.
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