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ABSTRACT

pH RESPONSIVE NANO CARRIERS FOR ANTI CANCER DRUG DELIVERY

Bagherifam, Shahla

PhD, Department of Polymer Science and Technology
Supervisor  : Prof. Dr. Nesrin Hasirci
Co-Supervisor: Prof. Dr. Vasif Hasirci

February 2013, 64 pages

In the recent years, development of various organic and inorganic nano-sized systems has gained
great interests especially for cancer diagnosis and treatment and intense researches are carried out in
this area. Regarding to the recent trends for drug delivery system design, the novel approaches for
drug carriers are mainly based on development of smart and nano-size drug carriers which are
targeted to cancer cells. Hence, for an effective tumor-targeted delivery device, besides its chemical
structure further criteria such as detection of tumor site and sensitivity to the higher temperature and
lower pH of the tumor compare to rest of the body gains importance. The aim of this study is to
design and prepare polysebacic anhydride (PSA) based nanocapsules (NCs) loaded with Doxorubicin
(DOX) which is an anti cancer drug. In order to obtain an intelligent delivery system, drug-loaded
nanocapsules were coated with pH sensitive poly (L-histidine). PSA nano-carriers were firstly loaded
with DOX and then in order to introduce pH sensitivity, they were coated with poly (L-histidine).
PLH-coated NCs were modified with polyethylene glycol (PEG) to prevent their macrophage uptake.
Drug release profile from this system was examined in two different buffer solutions prepared as
acidic (pH 4) and physiological (pH 7.4) media. The physical and chemical properties of the nano
particles were characterized by Fourier transform infrared spectroscopy (FTIR), dynamic light
scattering (DLS), ultraviolet and visible absorption spectroscopy (UV-VIS), and scanning electron
microscopy (SEM). In vitro studies of the prepared nanocapsules were performed on MDA-MB-231
breast cancer cells by using WST Kit 8 cell viability test. In order to obtained results, pH sensitive
nanocapsules with size 230 nm exhibited cellular uptake and promising intracellular release of drug.

Keywords: Polysebacic anhydride, Poly (L-histidine), pH responsive, Nanocapsule, Drug
carrier, Doxorubicin
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pHDUYARLI ANTI KANSER ILAC TASIYICI NANOSISTEMLER

Bagherifam, Shahla

Doktora, Polimer Bilim ve Teknolojisi Boliimii
Tez Y Oneticisi : Prof. Dr. Nesrin Hasirci
Ortak Tez Yoneticisi: Prof. Dr. Vasif Hasirci

Subat 2013, 64 sayfa

Son yillarda, 6zellikle kanser hastalifinda teshis ve tedavi amacl kullanilmak iizere, nano boyutta
cesitli organik ve inorganik sistemlerin gelistirilmesi biiyilk 6nem kazanmustir ve bu konuda yogun
aragtirmalar yapilmaktadir. Ilag tasiyici sistemlerindeki son gelisimlerini goz oniine alirsak, 6zgiin
ilag tastyicr yaklasimlar, akilli nano-boyutlu tastyicilarin kanser hiicrelerine hedeflenmesi yoniindedir.
Bu nedenle, etkin tiimor-hedefli sistem icin, tasiyicinin kimyasal yapisinin yani sira, timor tespit
edebilme, viiciidiin diger kistmlarina gore tiimoriin daha yiiksek olan sicaklik ve daha diisiik olan pH
duyarliligy gibi diger kriterler de onem tasimaktadir. Bu ¢alismanin amaci, Doksorubisin (DOX)
kanser ilac1 yiiklii polisebasik anhidrit (PSA) nanokapstillerin tasarlanmasi ve hazirlanmasidir. Akill
ve pH duyarl: bir nano ilag tastyici sistem elde etmek amaciyla ilag yiiklii kapsiillerin poli (L-histidin)
(PLH), pH duyarli molekiil ile kaplanmasidir. PSA nano tasiyicilara 6nce DOX ile yiiklenmis ve
sonra pH duyarliligl i¢in nano tasiyicilar poli (L-histidin) ile kaplanmis. PLH ile kaplanmig
nanokapsiillerin makrofagositozunu engellemek icin kapsiiller polietilen glikol (PEG) ile modife
edilmistir. Bu sistemlerden ila¢ salim profili, asidik (pH 4) ve fizyolojik (pH 7.4) olarak hazirlanan
iki farkli pH tampon ¢6zelti ortaminda incelenmistir. Nanokapsiillerin fiziksel ve kimyasal 6zellikleri,
Fourier doniisimlii kizildtesi spektroskopisi (FTIR), dinamik 11k sacilim spektrometresi (DLS),
ultraviyole ve goriiniir 151k absorpsiyon spektroskopisi (UV-VIS), ve taramali elektron mikroskobu
(SEM) ile karakterize edilmistir. Hazirlanan nanokapsiillerin In vitro ¢alismalar1 MDA-MB-231
meme kanser hiicrelerin iizerinde WST Kit 8 hiicre canlilik test ile yapilmustir. Elde edilen sonuglara
gore, 230 nm boyutundaki pH duyarli nanokapsiiller hiicre i¢ine alinabilmek ve umut veren
intraseliiler ilag¢ salim 6zelliklerine sahiptir.

Anahtar Sozciikler: Polisebasik anhidrit, Poli (L-histidin), pH duyarlilik, Nanokapsiil, Tlag
tastyici, Doksorubisin
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CHAPTER 1

INTRODUCTION

The pharmacological response obtained from a medicine is extremely dependent on its concentration
in the blood as well as its activity in the action site. In traditional drug administration via parenteral
roots, pharmaceutical agent is distributed in whole of the body by blood circulation. The cases where
notable amount of drug is eliminated by liver and kidneys cause reduction in the concentration of
drug in plasma (Hagenbuch et al., 2010). Usually higher concentration of drug usually is applied to
compensate the eliminated amount of drug. There is no doubt that, higher concentration leads
unwanted side effects especially in therapies with cytotoxic agents such as chemotherapy drugs
applied in cancer treatment. There are various studies to find a way to circumvent this problem and
achieve better therapeutic effects. Drug delivery is a promising method to increase the bioavailability
of a drug in the body. It generally is investigated for different purposes such as designing sustained
release, hiding of biochemical agents from macrophages and targeting of medicines to specific site
(Uhrich et al., 1999).

1.1  Drug Delivery

The goal of drug delivery systems is to maximize the therapeutic effect of the drug and minimize the
related adverse effects. Drug carriers not only influence pharmacokinetic of the drug, but also
improve its biodistribution in the body (Uhrich et al., 1999). The ideal drug delivery system possesses
a wide range of properties such as biocompatibility, ease of fabrication, low cost and high loading
capacity. Controlled release systems have been designed to achieve effective drug concentration for
long period of time. In drug administration via traditional formulation ways, the drug level in blood
exhibits the profile as shown in Figure 1.1-a. In these types of oral or injection administrations, the
drug level in blood rises after each administration and then decreases until the next dose. In this case,
the concentration of drug in the blood may go over the toxic level subsequently after drug
administration, and reduces to below of effective dose during the time.

a)
Max Level
]
>
s
oo
2
a
\Min Level
Dose 1 Dose 2 Dose 3
Time
b)
Max Level
°
>
3
oo
g
a
Min Level
Time

Figure 1-1 Drug levels in the blood plasma. (a) traditional drug dosing, (b) controlled-delivery
dosing.



In order to prevent the concentration to go to toxic level, the applied dose can be kept low, but in this
case the number of applications should be high. Getting an oral dose or injection in every two or three
hours is not suitable. Therefore, controlled drug delivery systems have been designed for long-term
administrations. In this manner, the drug concentration in the blood is kept constant in effective dose
which is between minimum and maximum levels as it is shown in Figure 1-1-b (Park et al., 1992).
Various delivery systems and formulations, either particles or devices have been produced aiming an
effective drug delivery. In order to achieve a controlled release, drug can be entrapped in a matrix
(Figure 1-2-a), encapsulated within a thin polymeric membrane (Figure 1-2-b) or directly bonded to
polymer chains (Figure 1-2-c¢) (Zamboni, 2005; Jain, 2005).

Figure 1-2 Interaction and location of drug in delivery systems. a) restrain in a matrix, b)
encapsulation in a membrane, c) attachment to a polymer chain.

Polymeric carriers either natural or synthetic are known as promising materials for preparation of
controlled and targeting delivery systems. These systems are able to release of the drug over an
extended period of time or at a specific moment and at the specific region. The polymers applied for
drug delivery devices are categorized into two part; biodegradable and non-biodegradable.
Biodegradable polymers widely investigated in delivery vehicles are polylactide (Amjadi et al.,
2012), polyglycolide and its derivations (Garvin et al., 2005), polyacrylate (Skwarczynski et al.,
2010) and polycaprolactone (Aishwarya et al., 2008). In the case of non-biodegradable polymers,
polyacrylics (Qiu et al., 2001), polystyrene (Canal et al., 2012), and polyesters (Sairam et al., 2007)
can be mentioned as commonly used polymers. These polymers were studied in the preparation of
different shape and size of delivery systems such as macro-size devices (Elman et al., 2009), film
form systems (Noel et al., 2008), micro and nano-size particles (Majeti et al., 2000).

In the last few decades significant attempts have been done to micronization of drug delivery
vehicles. Recently various types of submicron drug delivery systems have been developed due to
their unique advantages such as relatively high intracellular uptake, high efficiency in targeting to
objective tissue and not requiring any injury during the application.

1.1.1  Nano-size drug delivery systems

The theory of polymeric nanoparticles is base on design a delivery vesicle with higher biodistribution
in the body. Polymer based nanoparticles have been developed to deliver various agents such as
peptides as large molecules (Ma et al., 2002), chemotherapeutic agents as small molecules (Bertin et
al., 2005; Mo et al., 2005), and genes as biological agents (Huang et al., 2005). Submicron particles
demonstrate numerous benefits in compare to micro-size particles. For instance they exhibit relatively
high intracellular uptake over microparticles. It was observed that nanoparticles with fine size about
100 nm have been up taken by Caco-2 cells 2.5 and 6 fold higher in compared to particles larger than
1 pm and 10 pm respectively (Desai et al., 1997). In another publication it has been reported that for
gold nanoparticles with diameter between 14 nm and 100 nm, particles with 50 nm diameters are
taken up by the HeLa cells more efficiently in compare to others (Chithrani et al., 2006).
Nanoparticles provide opportunity to administer of poorly water soluble drugs in aqueous body
medium. As an illustration bioavailability of paclitaxel, a hydrophobic anti cancer drug, has been
developed by incorporation into poly (lactic-co-glycolic acid) nanoparticles (Mo et al., 2005). It has
been also observed that peptide drugs isolated in nanoparticles exhibit more resistance to enzymatic
or chemical degradation during the administration (Ma et al., 2005), which results prolonged
availability in the body (Luo et al., 2006).



Nano-scale delivery vehicles may be classified to some main categories due to their different
properties. However, the major classification is related to the particle shapes coming from preparation
process. They may be prepared as a capsule or sphere. Nanospheres are solid matrices containing
molecules adsorbed at the surface of sphere or entrapped within the particle (Figure 1-2-a) (Vauthier
et al., 2000). Nanocapsules are a class of submicron particles composed of a core either liquid or
solid surrounded by a polymeric solid wall (Figure 1-2-b) (Silvia et al., 2010).

The main advantage of nano-size delivery vehicles is their possibility to target the active agent to the
proper tissue after intravenous administration. This is very important in the case of therapy with
cytotoxic agents such as anti-cancer drugs. Chemotherapy agents using in cancer treatment exhibit
serious side effects coming from their non selectivity actions. Therefore, the advanced approach in
drug delivery is concentrated on the design of intelligent delivery systems for targeting a biochemical
or chemical active agent to specific site (Langer et al., 1998). By this way drug would be accumulated
around the objective tissue and would be prevented to distribute in the rest of the body parts.
Targeting of chemotherapeutic drugs directly to tumor site leads more effect, and as a result,
administration of small amount of drug will have promising effect to improve the patient’s life and its
quality. Therefore targeting of active agents in nano-size delivery systems has a very important place
in cancer treatment.

1.2 Cancer

Cancer is a disease characterized by uncontrolled and fast growth of abnormal cells. According to
statistical data reported in a global cancer statistic report, due to the count of cancer deaths reported
annually by the World Health Organization (WHO), 12.7 million cancers have been diagnosed and
7.6 million cancer patients died in worldwide only in 2008 (Jemal et al., 2011).

There are various internal and external factors causing to cancer. Tobacco, diet, chemicals, radiation
and infectious organisms can be mentioned as important external parameters causing cancer. For
instance carcinogenic-termed chemical compounds cause DNA alteration which is a key factor for
generation of cancer. The cells usually efforts to repair and correct the defected altering, but if they
cannot repair the changes on DNA, it will be left uncorrected leading to convert normal cells to
cancerous cells (Lodish et al., 2000). In a similar way, ionizing radiations such as x-rays and
ultraviolet radiation result cancer. The efficiency of ionizing radiation to generate cancer in human
can be observed recently by enhancing in skin cancer (melanoma) in case of long-term and
unprotected exposing to the sunlight (Lodish et al., 2000).

Organisms initiating infectious diseases have been known as important parameters for inducing
cancer. Cervical cancer, which is second generalized cancer in worldwide is mostly resulted by
Human papillomavirus (HPV) (Schiffman et al., 2007). Helicobacter pylori is a microaerophilic
bacterium which has been found in the stomach of patients with chronic gastritis. Researchers have
linked the presence of Helicobacter pylori bacteria to the formulation of gastric cancer. This claim is
based on emerge of carcinogenic region due to sustained infection or inflammation of the gastric
mucosa related to this bacteria (Masamune et al., 1999). Virus owning potential to cause cancer is
called “oncovirus”. Viruses causing to Hepatitis B and C (Human T-cell lymphoma virus), (HTLV)
and Human Immunodeficiency Virus (HIV) are known as important reasons for liver cancer,
lymphoma and leukemia respectively (Fredricks et al., 1996).

Hormones, inherited mutations and immune circumstances have been explored as internal key factors
to start cancer generation. Women who are exposure to early menstruating or late menopause have
more produced estrogen during their lifetimes. It has been reported that this group is highly at risk of
breast cancer. For this reason, the clinical trial therapy by estrogen plus progestin has been stopped in
recent years due to high risk of breast cancer (Chlebowski et al., 2009). Sometimes it has been
observed that combination of both internal and external factors accelerate cancer entity progress
(Anand et al., 2008).

1.3 Cancer treatment

The type of the applied cancer treatment is usually selected due to the kind and stage of cancer. There
are various conventional cancer treatment methods applied in the hospitals. Chemotherapy is mainly
used to reduce the size of the tumor or to make it disappear. As an advanced treatment, surgery has
been used to remove either the tumor or responding organ and then clean the location. High-energy
radiation also has been investigated to shrink the tumor and to kill the cancer cells in a certain
location. Between these methods chemotherapy is the main treatment to eliminate the cancer cells



which is often used in combination of other cancer treatments such as radiation after the application
of chemotherapy (Bonetti et al., 2006).

1.3.1 Chemotherapeutics and responding side effects

Chemotherapy is a common aspect of cancer treatment by using mostly cytotoxic anti-cancer agents.
Anticancer (antineoplastic) agents act on proliferation of cancerous cells via;

e destroy of DNA or block of DNA replication

¢ inhibition of nucleic acid synthesis

¢ inhibition of specific protein synthesis

® intervening to hormone balance

Mitomycin C is a type of antibiotic acting as DNA crosslinker and destructs DNA duplication. It is
mostly used to treat upper gastro-intestinal and breast cancers. Prolonged administration of
Mitomycin may cause to permanent bone-marrow damage. 6-mercaptopurine, methotrexate and 5-
fluorouracil are antimetabolites applied as anticancer drug preventing nucleic acid synthesis. 5-
fluorouracil is used in treatment of different cancers such as pancreatic, colon, rectum, head and neck
cancers. As its side effect, it mainly damages to central nervous system (CNS). Paclitaxel and
epipodophylotoxins have effects on protein synthesis. Cells treated by paclitaxel have been exposed
to mitotic spindle assembly defects and chromosome segregation (Bharadwaj et al., 2004). Adrenal
corticosteroids, estrogens and tamoxifen influence on tumor size by intervening with hormone
balance. Tamoxifen is an anti estrogen substance used for hormone receptor-positive breast cancer
seen in both pre and post-menopausal women (Jordan et al., 1993).

Doxorubicin (adriamycin) has been administered for various types of cancers such as ovaries, lung,
breast, stomach and myeloma. It inhibits cell proliferation by inhibition of RNA synthesis. However
it represents serious side effects. The main side effect of doxorubicin has been determined as
cardiotoxicity causing to limit its clinical application (Chen et al., 2011).

Non selectivity of chemotherapeutic agents leads to kill cancerous cell as well as normal cells
especially those cells replacing fast like as hair, skin and blood cells. Anticancer drugs also affect
cells of vital organs such as liver, heart and kidney. Because of these respects, overcoming to side
effects of chemotherapy agents have been main concern of cancer researchers.

1.3.2  Problems and solutions in chemotherapy delivery systems

Clinical application of chemotherapeutic agents is hampered due to some barriers such as their
serious side effects, solubility, macrophage uptake and multidrug resistance. Solubility of anticancer
drugs is a critical factor in their investigation either by intravenously injection or orally
administration. Most of the anticancer drugs exhibit poor water solubility causing to low therapeutic
effects. There are various challenges to improve solubility of hydrophobic anticancer drugs. Badjatya
et al. have prepared solid dispersion paclitaxel using polyethylene glycol and Poloxamer 407. Their
prepared solid particles exhibiting 14-fold enhanced dissolving compared to free drug (Badjatya et
al., 2011). In another study paclitaxel has been loaded in nanogels prepared from Pluronic F127.
Prepared nano-size micelles showed promising activity to increase solubility of paclitaxel by
internalization of micelles into cancerous cells (Li et al., 2010).

Although investigation of chemotherapeutic agents via nano-size carriers enhances the stability and
cellular uptake of drug, its application is limited due to immune system response of body. This
phenomenon involves uptaking and phagocyte of particles by macrophages (Lacasse et al., 1998).
Macrophages are responsible to detect, capture and digest of foreign materials passing through the
blood and transfer them to liver (Soma et al., 2000). This process results accumulation of drug in
unspecific site leading to serious damages of the liver. In addition, this natural response of living
body causes to reduce biodistribution and availability of drugs in the blood. Plenty of researches have
been reported to overcome to protect particles from the immune system. It has been observed that
modification of particle by polyethylene glycol (PEG) chains can reduce their macrophage uptake
(van Vlerken et al., 2007; Kanaras et al., 2002).

The other negative side of chemotherapy is resistance developed by most of cancer cells to fail the
action of drug which termed as multidrug resistance. In most of solid tumors there are different
population of cells, partly are responsive to drug and others are resistance. Anticancer agents can
only kill cells which are sensitive to drug. Hence drug resistance cells remain alive and continue to
grow faster than killing process. Drug resistance of cancer cells has been linked to molecular pumps
presented in cancer cell membrane ejecting the cytotoxic compound from the cell (Gillet et al., 2010).
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To enhance the activity of chemotherapeutic agents they are objected to internalize to cancer cells
following to target to tumor site. Targeting of chemotherapeutic agent as a combination system is a
primary strategy to fulfill internalization of delivery vehicle and intracellular release of cancer
treatment agent.

1.4  Targeting delivery

During last decades, many challenges have been established to improve cancer diagnosis and
treatment by targeting delivery. It was firstly considered by Paul Ehrlich hundred years ago for
treatment of syphilis which is a sexually transmitted infection coming from spirochete bacterium. His
theory termed as "magic bullet" represented that chemicals can be designed to bind to and also kill
the specific microbes or cancer cells (Torchilin et al., 2010). Hence, as concept of chemotherapy,
Salvarsan (Arsphenamine), the effective clinical treatment for syphilis, was discovered in his
laboratory.

The main purpose of targeting delivery is improving the therapeutic index as well as minimizing the
side effects of drugs which is more important for cytotoxic medicines such as cancer treatment
agents. The nonselective toxicity of anticancer drugs has limited their clinical application near to their
maximum tolerated dose. For all chemotherapy cases, the success of treatment depends on the
pharmaceutic agent’s ability to target and to kill the cancer cells as well as fewer damage to healthy
cells (Brannon-Peppas et al., 2004). Targeting-delivery carriers have been merged to overcome to
lack of selectivity of cytotoxic anticancer drugs. Targeted carriers enhance the accumulation of drug
in tumor site and inhibit drug distribution in whole body. By this way more pharmaceutical effect is
achieved via using less dose of drug.

In literature plenty of targeting vehicles, either active or passive, has been utilized and reported for
delivery of anti-cancer agents. In active targeting drug delivery system is modified with some smart
molecules such as antibodies, proteins and ligands which are able to find cancerous cells, recognize
tumor-specific or tumor-associated antigens and bind to related receptors (Figure 1-3). Hence, to
design this system, first we should know the tumor type, location and properties. For instance
doxorubicin loaded liposomes linked to monoclonal nucleosome antibody (mAb2C5) has been
studied for targeting of doxorubicin to different solid tumors (Lukyanov et al., 2004). Folic acid also
is a common linker having its own receptors on surface of most cancerous cells. There is plenty of
folated targeting systems reported for delivery of different anti cancer agents (Kukowska-Latallo et
al., 2005; Kim et al., 2011; Zhao et al., 2008; Guaragna et al., 2012).
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Figure 1-3 Active targeting of drugs.

In passive targeting, stimuli-responsive delivery systems are developed in order to show their
bioactivity against properties or physiological changes occurring in objective site (Torchilin et al.,
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2010). This physical targeting is presented by a complex drug delivery vehicle that can circulate in
the body and target itself to proper tissue by responding abnormal conditions of body like variations
in pH or temperature. It is known that, the pH of the blood is 7.4 but in the tumor area it shifts to
acidic region around 4-5. On the other hand, fast growing of the cells in the tumor area shifts the
temperature from normal body temperature of 37 °C to about 41 °C. By this way, chemotherapeutic
compound can be entrapped or linked to a system which is designed responsive to theses variations
and sent to objective tumor.

1.4.1 Stimuli responsive delivery systems

Stimuli response is a natural reflex of some materials when they present under certain conditions.
This strategy has been used to design intelligent delivery systems that are able to respond to either
internal physiological changes such as temperature, acidity and porosity or extrinsic conditions such
as application of magnetic field, light, heat and ultra sound (Jian et al., 2009).

It is known that temperature-sensitive polymers and polypeptides display low critical solution
temperature transition. They are water soluble below their transition temperature (Tt) and they exhibit
an aggregation causing to water insolubility above their Tt (Figure 1-4). By this property various
thermo-responsive systems have been emerged for application between body temperature (37°C) and
the temperature approved for clinical hyperthermia (42°C) (Papahadjopoulos et al., 1991). It has been
reported that lipids exhibiting low gel-to-liquid phase transition temperature are marked as good
candidates to prepare liposome based delivery vehicles. For instance, dipalmitoyl
phosphatidylcholine (DPPC) mainly used as thermosensitive lipid presents a safe gel-to-liquid phase
transition temperature (41°C) (Zhu et al., 2012). It has been observed that liposomes prepared by
DPPC and cholesterol release 80% of their loaded drug (methotrexate) during 30 min while by
increasing the temperature from 37 to 41°C only 40% of drug is released within 24 h (Zhu et al.,
2009).

Polyacrylamide is another common thermo-sensitive polymer has been used for delivery of different
therapy agents. Thermally responsive poly(N-isopropyl acrylamide-co-acrylamide), P(NIPA-co-
AAm), has been investigated for cancer treatment. In this research P(NIPA-co-AAm) based
nanoparticles containing 5-fluorouracil were prepared and examined on S180 tumor cells (Jian et al.,
2009). Hyperthermia antitumor efficiency of the prepared particles was studied on Kunming mice.
Responding condition (43°C) was achieved by using a temperature-controlled water sack. Obtained
results demonstrated that hyperthermia treatment by using P(NIPA-co-AAm) based nanoparticles
improved accumulation of particles in tumor site. Same copolymer also has been applied for delivery
of rhodamine to ovarian tumors in athymic mice. In this work copolymer was injected to tumors
heated up to 40-42°C. According to the results, it was observed that accumulation of injected thermo-
responsive copolymer at heated tumors was approximately two fold more than tumors with body
temperature (Meyer et al., 2001).

Although thermo-responsive systems have been designed due to local hyperthermia in specific cells
such as inflammatory or tumor cells, the actual temperature of these cells is still not mostly different
than normal cells. Hence, to achieve a real thermo-sensitive system an external heat source coming
from water bath (Zhu et al., 2009), high-intensity ultra sound waves (Smet et al., 2011) or light (Fu et
al., 2002) is commended (Figure 1-4).
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Figure 1-4 Thermal sensitive delivery systems responding to external heating.

Considering to rapid development of tumor vasculature by abnormal and poorly controlled
angiogenesis leads a porous-wall vessels with pore size between 200 nm to 2 um, and an average of
400 nm have been observed in most of solid tumors. This property causes to remain of
macromolecules and lipids in the tumor site for a long time (Torchilin et al., 2010). This phenomenon
has been characterized and termed the tumor-selective enhanced permeability and retention (EPR)
effect of macromolecules and lipid particles (Figure 1-5).
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Figure 1-5 The enhanced permeability and retention effect (EPR).



The EPR effect is now regarded as a ‘‘gold standard’’ in the design of nano-sized anticancer agent
delivery systems. There are many researches regarding to preparation of nano and micro-size particles
investigated for different types of therapy (Hasirci et al., 2007). Some of them have been approved by
United State Food and Drug Adminstration (FDA) and used in drug delivery systems and shown in
Table 1.1 (Betancourt et al., 2007).

Table 1-1 Nanoparticles in market (approved by FDA, Betancourt et al., 2007).

Comercial q s
Compound Nanocarrier Indication
Name
Daunorubicin DaunoXome Liposomes Kaposi’s Sarcoma
.. . Breast & Ovarian
Doxorubicin Myocet Liposomes
cancer
.. . . Breast & Ovarian
Doxorubicin Doxil/Caelyx PEG/Liposome
cancer
. Albumine
Paclitaxel Abraxane . Breast cancer
nanoparticles

1.5 pH-responsive delivery

pH sensitive delivery systems are other category of stimulus responsive carriers. The strategy used to
design these formulations is application of materials responding to pH altering in the body.

Based upon to measured pH value of most solid tumors in different patients, it was observed that pH
of tumor site, dependent on tumor growth rate, is shifted to acidic region as 4-6 related to extremes
amount of metabolite like as lactic acid and CO2 while normal blood pH remains constant at 7.4
(Helmlinger et al. 2002; Rofstad et al., 2006). This pathophysiology of tumors has been considered as
an ideal trigger to delivery of anti cancer agents in tumor area via pH sensitive delivery systems. The
strategy used to architect of these systems is investigation of components which are susceptible to pH
altering. For instance macromolecules containing a bioactive function can incur to some
conformational changes. Peptide molecule is a case in point for this approach. Peptide molecules
exhibit different conformation in different pH. For instance 36-aa peptide, derived from the
bacteriorhodopsin, is in soluble state at physiological pH while in acidic pH it transforms to an a-
helix (Figure 1-6) leading to across the membrane and cell uptaking (Andreev et al., 2007; Janzso et
al., 2011).

Figure 1-6 Structural conformations of polypeptides: a) a water-soluble state at physiological pH, b)
a-helical conformation in acidic media.



Polyethylenimine is other example of pH sensitive molecules. This smart component has attracted
researcher’s attention in last decades specially for targeting delivery of siRNA in treatment of prostate
cancer (Xue et al., 2001). Branched polyethylenimine has been utilized as a cationic polymer to
design gene delivery vehicle due to its exhibited buffering efficiency (Zhu et al., 2010). This
buffering potential arises from primary, secondary and tertiary amine groups, with different pKa
values, presenting in branched polyethylenimine as it is shown in Figure 1-7. The buffering capacity
and their highly positive charge in acidic medium have made them as a proton sponge for endosomal
release of their encapsulated contents (Boussif et al., 1995).
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Figure 1-7 Chemical structure of branched polyethylenimine.

Poly (L-histidine) (PLH), a kind of polyamino acid, exhibits high potential to cell membrane fusion
after protonation of the imidazole groups in acid medium (pH below 6). The imidazole side chain of
histidine (Figure 1-8) has a pKa of approximately 6.0, and overall the amino acid has a pKa of 6.5.
This means that, below a pH of 6, the imidazole ring is mostly protonated leading to hydrolysis of
polymer. Therefore poly (L-histidine) is known to have an endosomal membrane disruption activity.

Figure 1-8 Structure of poly (L-histidine) (PLH).

There are various researches focused on application of poly (L-histidine) (PLH) for either drug or
gene delivery. Bello et al. have used a polyplexes complex systems based on polylysine substituted
with L-histidine to study the DNA delivery. It was indicated that early protonation of imidazol group
presented in PLH highly influences the transfection efficiency of polyplexes (Bello et al., 2001). In
another study a graft copolymer of poly (L-histidine) and poly L-lysine (PLH-co-PLL) has been used
for plasmid DNA delivery. It was mentioned that polyplex particles with size range 117-306 nm have
been prepared by electrostatic interactions with DNA and their transfection efficiency on 293T cells
were compared with blank particles based on poly L-lysine (PLL). The results demonstrated that
independent on the particle size, PLH-co-PLL exhibited higher transfection efficiency in compare to
PLL (Benns et al., 2000).

Lee et al. have reported the pH-dependent stability as well as critical micelle concentration of poly
(L-histidine) based nanoparticles. They have synthesized poly (L-histidine) via ring opening
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polymerization and coupled by poly ethylene glycol (PEG). Micelles in ~ 114 nm diameter have been
prepared in dimethyl sulfoxide to examine their stability in buffers with different pH. It was observed
that the micelles produced at basic pH at 8.0 were mostly destabilized at lower pH at 7.4 (Lee-a et al.,
2003). The same group also has prepared blank and folate conjugated pH-sensitive micelles based on
poly (L-histidine), poly ethylene glycol and poly L-lactic acid block copolymers for delivery of
doxorubicin (DOX). The pH-dependent DOX release was studied in buffers at different pH. It was
observed that micelles showed higher released amount of DOX when pH reduced from 8.0 to 6.8
(Lee-b et al., 2003). This group has reported that DOX accumulation in solid tumor via delivery of
this drug by nanoparticles prepared of poly (L-histidine), poly ethylene glycol and poly L-lactic acid
block copolymers conjugated by folate is almost 20 folds of non-conjugated particles (Lee et al.,
2005).

It is known that the main trouble of solid tumors is their drug-resistant property. To overcome to this
problem investigation of higher concentration of drug is usually advised. Kim et al. fabricated pH
sensitive delivery systems which exhibited early endosomal lysis. In this complex system they used
micelles composed of folated poly (histidine-co-phenylalanine)-b-poly ethylene glycol and poly L-
lactic acid for endosomal delivery of high concentration of DOX. The cytotoxicity and endosomal
lysis ability of the prepared pH sensitive micelles were analyzed on DOX-resistant ovarian carcinoma
cells. Results showed that high-dose DOX loaded micelles display active internalization leading to
endosomal release and accumulation of high amount of DOX inside the cells (Kim et al., 2008).
Although poly (L-histidine) is a promising pH sensitive compound, some limitation such as difficulty
in blocking of imidazole group, controlling the molecular weight of polymer during the synthesis and
its low solubility in organic solvents have limited the production and investigation of this pH
sensitive polymer. However still there are many studies which are going to overcome these
limitations by either making copolymers or combining with other molecules to design pH responsive
drug carrier systems.

1.6  Polyanhydrides

Pharmaceutical drug delivery systems, either synthetic or natural, are expected to be biodegradable,
have small particle size, possess high loading capacity, demonstrate prolonged circulation and
accumulate in objective sites when applied into the body. The most commonly used polymers in drug
delivery systems are determined as polyanhydrides (Guhangarkar et al., 2010), polyesters (Yilgor et
al., 2010; Tong et al., 2011), polyamino acids (Yang et al., 2008), polyorthoesters (Heller et al., 2002)
and polyphosphazenes (Zheng et al., 2009) for the preparation of nano carriers for delivery of cancer
therapy agents. Among these, polyanhydrides have attracted researcher’s attention due to their
controllable surface erosion (Figure 1-9) coming from hydrolytic instability of anhydride linkages
(Figure 1-10) making their degradation via a controlled manner (Domb et al., 1988).

\ 4

Figure 1-9 Erosion of devices. a) surface erosion, b) bulk erosion.
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Degradation rate and surface erosion of a polyanhydride are mostly dependent on the type of
monomer and its composition. Polyanhydrides containing aromatic groups in their backbone exhibit
slower degradation and drug release rate compare to aliphatic groups containing ones. In the case of
aliphatic polyanhydrides degradation rate can be controlled by changing the number of CH2 groups
(Domb et al., 1987). Polysebacic anhydride (PSA) is an aliphatic biopolymer with a good
performance for application in drug delivery systems.

-

Figure 1-10 Anhydride linkage. R can be either aliphatic or aromatic.
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1.6.1  Polysebacic anhydride

Polysebacic anhydride (PSA), with chemical structure shown in Figure 1-11, is a promising material
for drug delivery since it has biocompatibility, can exhibit controlled erosion starting from the
surface, can degrade to non-toxic metabolites, can be easily obtained from natural sources and has
low cost. PSA was approved by US Food and Drug Administration (FDA) in 1990 to be used in
humans for the delivery of chemotherapeutic molecules in brain cancer treatment (Brem et al., 1996).
PSA is generally synthesized via condensation polymerization (Hasirci et al., 2011), of sebacic acid
leading to conversion of carboxylic acid groups to anhydride linkages (Figure 1-11). Although high
molecular weight PSA is usually achieved via application of higher polymerization temperature or
longer polymerization time (Leong et al., 1985), investigation of some kinds of heterogenic
coordination catalysts such as barium and calcium oxides has been reported to obtain PSA with
molecular weight up to 245000 Da (Domb et al., 1987).

) @) @)
[ ] [

O
I
_6 ( -

Figure 1-11 Polymerization of polysebacic acid.

Degradation of aliphatic polyanhydrides has been determined in solid state as well as in solution. This
claim has been approved by degradation of both bulk and solution states of PSA. Results
demonstrated that a significant decrease in molecular weight was observed in solution state in
compare to the bulk. This phenomenon is attributed to different degradation pathways of
polyanhydrides. Obtained results demonstrated that PSA not only can degraded via hydrolysis and
conversion of hydrophilic anhydride linkage to carboxylic acid, but also it may depolymerize due to
inter and intramolecular interactions (Figure 1-12).

11



a. Self-depolymerization via chain reaction
o o o 0

& 1“0'(:‘R'C‘D'c R —
\
O Dy O O EE S

o o 'IIZ.:'I )
RSO R Lo CrgCr g
C=0 + 0=C
VR'E'O'tIC'H'ILI"U LD C'R Lf"D c R
o Qo O c O O 0
b. Hydrolysis into carboxylic acid
o 9 9 9 HO 0 0 9
- ‘0,::;.“_.1:5(}..@:._ CH, =2 H“G‘G’C"R'G“ oH
R=(CH2 g

Figure 1-12 Degradation manners of PSA. a) depolymerization by chain reaction, b) hydrolysis to
carboxylic acid.

In another study, it has been observed that depolymerization of PSA with molecular weight of
137000 Da to smaller cyclic molecules with molecular weight of 13500 Da is highly probable when it
is in chloroform solution (Domb et al., 1989). In the same research, the influence of storing
temperature on the degradation rate of PSA has been studied. It was shown that the molecular weight
of solid-state PSA under dry argon condition changes from 137800 Da to 65800 at 37°C, to 78000 at
21°C, to 96600 at 0°C and to 118400 at -10°C.

It was evidenced that the degradation rate of this aliphatic polyanhydride can improved by
cooperation with different polymers either via copolymerization or blending. For instance the stability
of PSA against humidity has been improved by copolymerization of sebacic anhydride with aromatic
groups containing compounds such as 1,3-bis(p-carboxyphenoxy)propane and 1,3-bis(p-
carboxyphenoxy) hexane (Ron et al., 1991). It was shown that poly (lactic acid) has potential to delay
the surface erosion of polyanhydrides. For instance degradation of films prepared by blending of PSA
with poly (lactic acid) has been carried out at pH 12.4 in NaOH (aq) solution and monitored by
atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) (Davies et al., 1996).
According to the obtained results, as the PLA amount increased the degradation of the films delayed
significantly. This phenomenon comes from slow surface degrading of poly (lactic acid) leading to
retard the erosion of blended films.

In addition to composition, molecular weight and storing temperature, there are various parameters
that affect the degradation rate of PSA. Santos et al. examined the effect of pH on degradation of PSA
based microspheres with size range between 600-850 pum. In this work the degradation of
polyanhydride based microspheres was carried out at 37°C in citrate buffer (pH 4.2), phosphate buffer
(pH 7.4) and Tris buffer (pH 8.8). In predetermined times degradation has been followed by using
Fourier-transform infrared (FTIR), X-ray diffraction, gel permeation chromatography (GPC) and
differential scanning calorimetry (DSC). It was reported that degradation of PSA is highly dependent
on pH where basic pH significantly accelerated the degradation of microspheres. Results obtained in
this study showed that there was also little difference between degradation in neutral and acidic
buffers (Santos et al., 1999).

The kind of degradation medium also has been reported as a key parameter imposes the degradation
and drug release rates of PSA based delivery systems. For instance release of gentamicin in water was
carried out via a faster manner compare to its release in phosphate buffer medium. This phenomenon
is related to higher osmotic force in pure water medium causing to faster penetration of water into the
device matrix (Stephens et al., 2000). The molecular weight of polymer is the most important factor
influencing the degradation profile of PSA. It has been reported that there is a correlation between
molecular weight of polymer and its overall degradation time. Emanuele et al. have analyzed
degradation of PSA with various molecular weights from 10,000 up to 60,000 Da. It was shown that
degradation of PSA was delayed by using high molecular weight polymer (Emanuele et al., 1992). In
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addition to all mentioned parameters affecting the depolymerization and hydrolysis rate of PSA based
delivery systems, shape and size of the particles also influence degradation behavior. For instance
faster degradation of PSA and faster drug release rate was obtained for PSA prepared in film form
compared to disc-shaped devices. It was also reported that micronization of PSA based particles to
micro and nano size enhances the drug release rate (Cristescu et al., 2007; Wu et al., 2000).

The nontoxicity and biocompatibility of PSA and its degradation products have been proved by
implanting this polymer in rabbit’s corneas (Leong et al., 1986). The response of host tissue has been
no inflammatory reactions during 6-week implantation time. The same result has been observed even
by investigation of high dosage of PSA such as 2400 mg per kg rat implanted in rabbit’s corneas for 8
weeks (Laurencin et al., 1990). The biocompatibility of implant and its related degradation products
was studied by analysis of hematological parameters, tissue histology and monitoring of blood
clinical chemistry.

In the literature there are various compositions of PSA with different shapes such as disc, cylinder,
film, micro and nanoparticles that have been investigated for delivery of medicines (Leong et al.,
1985; Xu et al., 2001; Davies et al., 1996; Gao et al., 1998; Fu et al., 2001). Liang et al. have reported
a composition of PSA which exhibited higher degradation rate as well as faster drug release. In this
study poly (ester anhydride) copolymer based on PSA and PEG has been synthesized to get lower
melting temperature and less crystallinity degree. These obtained properties accelerated the
degradation and drug release rate of PSA composition (Liang et al., 2013).

All mentioned properties have made PSA a promising polymer for delivery of various pharmaceutical
agents which is summarized in Table 1-2.
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Table 1-2 Various pharmaceutical agents delivered by different compositions of poly sebacic acid

Delivery PSA composition Reference
agent
Insulin Poly (carboxyphenoxy propane-co-sebacic acid) Mathiowitz et al,
Poly (fumaric acid-co-sebacic acid) 1988
Furtado et al., 2006
Bupivacaine Poly (erucic acid-co- sebacic acid) Domb et al., 1993
Somatotropin Poly (carboxyphenoxy propane-co-sebacic acid) Ron et al., 1993
and Poly (carboxyphenoxy hexane-co-
sebacic acid)
Methotrexate Poly (erucic acid-co- sebacic acid) Domb et al., 1994
Dicumarol Poly(fumaric-co-sebacic) fighglgkerlng et al.,
Carmustine Poly (carboxyphenoxy propane-co-sebacic acid) Domb et al., 1999
Gentamicin Poly (erucic acid-co- sebacic acid) Stephens et al., 2000
Poly (ricinoleic acid-co-sebacic acid) Krasko et al., 2007
Poly (carboxyphenoxy propane-co-sebacic acid) Cristescu et al., 2011
Dextran Poly (ethylene glycol-co-SA) Qiu et al., 2001
Poly (ethylene glycol-co-sebacic acid) Fiegel et al., 2004
Poly (carboxyphenoxy hexane-co-sebacic acid) Ulery et al., 2009
Ciprofloxcin Poly (dimeracid-co-sebacic acid) Xu et al., 2001
Phthalocyanine | Poly(phthalocyanine-co-sebacic acid) Fu et al., 2002
Triamicinolon | Poly (fatty acids-co-sebacic acid) Karasko et al., 2002
Poly(bile acid-co-sebacic acid) Krasko et al., 2003 (b)
Cis-platin Poly (ricinoleic acid-co-sebacic acid) Krasko et al., 2003 (a)
Calcein Poly (fumaric acid-co-sebacic acids-co-ethylene Najafi et al., 2003
glycol)
Rhodgmlne, Poly (sebacic anhydride) Berkland et al., 2004
Piroxicam
Paclitaxel Poly (ricinoleic acid-co-sebacic acid) Shikanov et al., 2004
Totiger et al., 2012
Ofloxacin Polysebacic anhydride-blend-poly lactic acid Chen et al., 2007
Indomethacine | Poly sebacic anhydride Gong et al., 2007
Nifedipine Poly (pluronic-co- sebacic acid) Shelke et al., 2007
Etoposide Poly (ethylene glycol-co-sebacic acid) Tang et al., 2009
Tamsulosin Poly (ricinoleic acid-co-sebacic acid) Havivi et al., 2009
Doxorubicin Poly (ethylene sebacate) Guhagarkar et al.,
Poly (ethyne glycol-co-carboxyphenoxy propane- 2010
co-sebacic acid) Zhao et al., 2010
Levofloxacin Composite of PSA and graphene oxide Gao et al., 2011
Tamoxifen Poly (ricinoleic acid-co-sebacic acid) Hiremath et al., 2012

5-fluorouracil

Poly (ethylene glycol-co-sebacic acid)

Zhang et al., 2012
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1.7  Aim of this study

Chemotherapeutic agents used in cancer treatment leads to death of cancer patients regarding to their
adverse effects. Chemotherapy consequence for patients treated by these highly toxic drugs could be
significantly improved if drug could be applied in less concentration and more therapeutic efficiency.
Targeted delivery not only enhances efficacy coming from effective drug concentration in the target
cells, but also it exhibits relatively high reduction of the adverse effects.

The main goal of this study is to prepare novel pegylated PSA based nanocapsules with pH
responsive property and containing doxorubicin as an anticancer agent as it is shown in Figure 1-13.

@ Doxorubicin Poly L-histidine
B Polysebacic anhydride Polyethylene glycol

Figure 1-13 Schematic presentation of pH responsive DOX loaded nanocapsules.

This drug carrying vehicle would be targeted to tumor side as well as cancer cells. This strategy
causes to enhance chemotherapeutic efficiency of doxorubicin and reduce its serious responding
adverse effects. In this research doxorubicin was encapsulated into polysebacic anhydride
nanocapsules. Polysebacic anhydride with promising properties described in previous parts was
synthesized from its monomer, sebacic acid, and applied as a base matrix to form capsules.
Synthesized polysebacic anhydride was characterized by different methods. Chemical structure of the
synthesized polymer was examined with H-NMR and FTIR and the molecular weight was determined
by GPC. The degradation behavior of the synthesized polysebacic anhydride and the drug release rate
from prepared nanocapsules were determined in different conditions. With this object, degradation of
polysebacic anhydride was characterized in acidic (pH= 4.0) and physiological (pH= 7.4) buffers.
Doxorubicin loaded nanocapsules were prepared in the range of 200-400 nm. In order to find the
optimum size and properties, different parameters such as organic solvent, surfactant type and
concentration were applied during the nanocapsules preparation process. The size and shape of the
prepared nanoparticles were characterized by dynamic light scattering (DLS), and scanning electron
microscopy (SEM).

Different properties of DOX loaded nanocapsules such as loading efficiency; drug release rate, size
and size distribution were analyzed to select the best preparation parameters. Further experiments
were continued with nanocapsules exhibiting suitable properties for drug delivery.

The most important liability of this project is pH responsibility of the prepared nano-carriers leading
to release of doxorubicin in tumor site. Poly (L-histidine) coat was used as an outer shell of
nanocapsules to demonstrate this responsibility. In addition, due to high protonation capacity of PLH
in acidic medium, it exhibited relatively high internalization into cancer cells. By this way it is
expected that most of the applied drug would release inside the cell. PLH coating of nanocapsules
was characterized by FTIR. To have an ideal nano-size delivery system planned to be used by
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injection in vivo conditions, the prepared pH responsive nanocapsules were also modified by coating
with polyethylene glycol (PEG).

The pH responsibility of the prepared nanocapsules was examined in vitro conditions. For this
purpose, doxorubicin release studies were performed in acidic (pH= 4.0) and basic (pH= 7.4) buffers.
Antitumor efficiency of formulated pH responsive and DOX loaded nanocapsules was examined on
MDA-MB-231 human breast cancer cells. The obtained results were compared with the controls
obtained by applying free DOX in same conditions and concentrations. The cytotoxicity of the
synthesized polymer and formulated nanocapsules was also studied by investigation of drug free pH
responsive nanocapsules in parallel to other groups. The cell viability and cytotoxicity test were
performed by using WST Kit-8 assay. The intracellular release of DOX from the prepared
nanocapsules was explored by using confocal microscopy.

The internalization of the designed nanoparticular system into MDA-MB-231 cells was proved by
labeling of polysebacic anhydride with coumarin 6 fluorescence dye. The cellular uptake of
nanocapsules prepared from coumarin 6-labeled polysebacic anhydride was also analyzed by
confocal microscopy. The influence of pegylation was monitored by applying of THP-1 human
macrophage cell line. The macrophage uptake of both pegylated and non-pegylated nanocapsules was
examined by confocal microscopy. The real action of designed pH responsive nanocapsules could be
observed in vivo applications on rats or rabbits.
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CHAPTER 2

EXPERIMENTAL

Materials

All chemicals used during this research have been mentioned in Table 2-1.

Table 2-1 Materials used in this study

2.2

Chemicals Company

Acetic anhydride Sigma Aldrich (Gillinham-UK)
Chloroform Sigma Aldrich (Gillinham-UK).
Coumarin-6 Sigma Aldrich (St. Louis, MO-USA)
Cell counting kit-8 Sigma Aldrich (Steinheim-Germany)
Dichloromethane Sigma Aldrich (Gillinham-UK)
Doxorubicin Sandoz, (Istanbul-Turkey)

Ethyl acetate Sigma Aldrich (Gillinham-UK)
Ethyl ether Sigma Aldrich (Gillinham-UK)
Hydrochloric acid R&D Systems (CA-USA)

MTS CellTiter 96° Promega (Madison-USA)
Paraformaldehyde Sigma Aldrich (Steinheim-Germany)

Petroleum ether

Sigma Aldrich (Gillinham-UK)

Polyethylene glycol monomethyl ether (5000)

Sigma Aldrich (Gillinham-UK)

Poly (L-histidine) (5000-25000)

Sigma Aldrich (Gillinham-UK)

Polyvinyl alcohol (13000-23000)

Sigma Aldrich (Gillinham-UK)

Polyvinyl pyrrolidone (8000)

Across, (Geel-Belgium)

RPMI Lonza (Verviers-Belgium)
Sebacic acid Fluka (Gillinham-UK)

Sodium hydroxide J.T. Baker (Holland, Netherland)
Trypsin Lonza (Verviers-Belgium)
Tween 80 Across (Geel-Belgium)

Polysebacic anhydride synthesis

As a first step of this study, polysebacic anhydride was prepared by a method similar to that described
by Shen with some modifications (Shen et al., 2001). Sebacic anhydride was synthesized by
dehydration of sebacic acid. Briefly, sebacic acid (6 mg) and acetic anhydride (58 mL) were put in
three-neck flask (Figure 2-1). Mixture was refluxed for 30 min at 140°C under dry nitrogen gas
sweep. During the reaction acetic anhydride was converted to acetic acid by removing water
molecules from sebacic acid.

Produced acetic acid was removed by rotary evaporation at 40°C. Prepared sebacic anhydride was
dissolved in 50 mL chloroform. Non-reacted sebacic acid was removed via precipitation of sebacic
anhydride from chloroform solution in 200 mL of 1:1 mixture of anhydrous petroleum ether and
diethyl ether. Polysebacic anhydride with two different molecular weights were prepared via
condensation polymerization by curing of 10 mg of pure sebacic anhydride prepolymer at 180°C for
1.5and 3 h.
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Figure 2-1 Synthesis of sebacic anhydride prepolymer.

The obtained polymers were purified by dissolving in 50 mL chloroform and re-precipitating in dry
petroleum ether. To prevent hydrolysis and degradation during the storage, prepared polymers
desiccated under nitrogen atmosphere and kept in freezer (-20°C).

2.3  Polysebacic anhydride characterization

The chemical structure of polymer was characterized by H-NMR (950 US2, Bruker, Bremen,
Germany) by dissolving polymer in deuterium chloroform. The chemical structure of synthesized
polysebacic anhydride was also analyzed and compared with sebacic acid by using FTIR (Spotlight
65, Perkin Elmer, MO, USA).

Molecular weights of synthesized polymers were determined by gel permeation chromatography
(GPC) (PL-GPC 220, CA, USA). The analysis was performed at 30°C in tetrahydrofuran with flow
rate of 1 mL/min. In GPC experiments polystyrene was used as standard polymer.

2.4  Polysebacic anhydride degradation

The degradation profile of polysebacic anhydride was performed in acidic (pH=4.0) and
physiological (pH=7.4) pH buffers and followed by FTIR in different durations. In this study, 5 mg
of polysebacic anhydride was put in vials containing 10 mL of phosphate buffered saline (PBS) 0.01
M with pH 4.0 and 7.4. Samples were incubated at 37°C up to 10 days. In predetermined times,
remaining samples were collected by centrifuge, dried in freeze dry and degradation was analyzed by
FTIR.

2.5  Preparation of DOX loaded nanocapsules
Doxorubicin (DOX) loaded nanocapsules (NCs) were prepared via using modified double emulsion

protocol which has been described in literature and shown in Figure 2-2 (Liu et al., 2010; Ashjari et
al., 2012).
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Figure 2-2 Schematic presentation of DOX loaded nanocapsule preparation via double emulsion

technique.

For this purpose polysebacic anhydride (50 mg) was dissolved in 5 mL organic solvents which have
been mentioned in Table 2-2. To get wl/o emulsion, aqueous solution of DOX (2 mg/mL) was added
to the organic phase and sonicated for 20 seconds by probe sonicator in 60 W power output. Obtained
homogen emulsion was subsequently added to 15 mL aqueous solution of surfactant and sonicated
again for 20 seconds. Prepared w1/o/w2 emulsion was added to 75 mL of 1% surfactant solution and
stirred at room temperature for evaporation of organic solvent and precipitation of DOX loaded NCs.
Following the complete evaporation of organic phase, solidified particles were collected by centrifuge
with 14000 rpm at 4°C and washed two times with 1 mL double distilled water. To examine the effect
of types of solvent and surfactant as well as concentration of surfactant, various experiments were
carried out (Table 2-2). The main aim was to obtain nanoparticles with proper size of 200-400 nm
which required for effective EPR effect in tumor site (Torchilin et al., 2010).

Table 2-2 Different solvent, surfactant and surfactant concentration used in nanocapsules preparation

Sample Parameters

NCs prepared by using ethyl acetate (EA) as solvent and polyvinyl alcohol 4%
EA-PVA-4 | as surfactant

NC:s prepared by using dichloromethane (DCM) as solvent and polyvinyl
D-PVA-4 alcohol 4% as surfactant

NC:s prepared by using dichloromethane (DCM) as solvent and polyvinyl
D-PVA-1 alcohol 1% as surfactant

NCs prepared by using dichloromethane (DCM) as solvent and polyvinyl
D-PVP-4 pyrrolidone 4% as surfactant

NCs prepared by using dichloromethane (DCM) as solvent and polyvinyl
D-PVP-1 pyrrolidone 1% as surfactant

NCs prepared by using dichloromethane (DCM) as solvent and tween 80 4%
D-T80-4 as surfactant

NCs prepared by using dichloromethane (DCM) as solvent and tween 80 1%
D-T80-1 as surfactant
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Blank nanocapsules, without DOX, were also prepared via the same manner. The only difference was
using the same amount of distilled water instead of DOX solution to get wl/o emulsion.
Fluorescence-labeled nanoparticles were prepared in similar way by adding coumarin-6 dye to
organic phase of polysebacic anhydride. For this purpose, 20 uL of coumarin-6 stock solution (20 ug
coumarin-6 in 1 mL. DCM) was added to organic phase. Prepared NCs were dried by lyophilization in
freeze drier for further studies.

2.6  Characterization of DOX loaded nanocapsules

The yields of the prepared nanocapsules (NCs) containing doxorubicin (DOX) were calculated by
using the mass of NCs obtained per mass of polymer used initially. The morphology of NCs was
analyzed by scanning electron microscopy (SEM, QUANTA 400, Oregon, USA). Size and size
distributions were obtained by using particle size analyzer (Malvern Mastersizer, Worcestershire,
UK).

2.7  Preparation of pH responsive nanocapsules

Both control NCs and DOX loaded NCs were made pH responsive by coating them with poly (L-
histidine) (PLH) electrostatistically. Before the coating process, zeta potential of both DOX loaded
NCs and pure PLH were measured by zeta sizer equipment (Malvern Mastersizer, Worcestershire,
UK) in dilute acidic medium with pH~6. To check the calibration of instrument, zeta potential
transfer standard sample (-68 mV + 6.8 mV) was measured firstly. To perform the coating, PLH was
dissolved in acidic aqueous medium. For this purpose HCI 0.01 M was added drop wise to 10 mL
double distilled water containing PLH until getting pH around 6. DOX loaded nanocapsules were put
into solution and stirred. To precipitate of PLH on the surface of NCs, NaOH (0.01 M) was added
drop wise to the solution to increase the pH upto ~8. Coated nanocapsules were collected by
centrifuge with 10000 rpm at 4°C and dried in freeze dry. The level of coating was examined by
analysis of PLH coated NCs (PLH-DOX-NCs) by FTIR. In this analysis, FTIR spectra of poly (L-
histidine) coated NCs was compared with the FTIR spectra of DOX loaded NCs and pure PLH as
control groups.

2.8  Pegylation of pH responsive nanocapsules

Transport performance of the prepared pH responsive delivery vehicles, PLH-DOX-NCs, was
improved to prevent their macrophage uptakes. For this purpose, the surface of pH responsive NCs
was again modified by polyethylene glycol (PEG) with molecular weight of 5000 Da to produce
pegylated and PLH coated NCs (PEG-PLH-DOX-NCs). To fulfill this purpose NCs were stirred in 5
mL cold (~4 °C) and 3% aqueous solution of polyethylene glycol monomethyl ether for 10 min. Then
the particles were collected by centrifugation with 10000 rpm for 15 min, freeze dried and
characterized by FTIR. The effect of PEG coating on size and morphology of NCs was examined by
DLS and SEM analysis.

2.9 Drug loading capacity and encapsulation efficiency

In order to assess the drug concentration in nanocapsules, UV absorption measurements were
performed. DOX concentration in supernatants was analyzed by UV spectrophotometer (1420 Wallac
Victor, Turku, Finland) and calculated via calibration curve with R2=0.992 prepared previously from
different concentration of DOX in phosphate buffered saline (PBS, 0.01 M, pH=7.4) (Figure A-1,
appendix A).

Percent of Encapsulation Efficiency for DOX was obtained using equation given below.
EE % = [W(])-W(z)/W(])] x 100
where;

EE% is encapsulation efficiency, W(1) is amount of initial DOX, W(2) is amount of DOX in
supernatant at the end of loading process and W(1) - W(2) is amount of DOX in nanocapsules.
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Percent Loading Capacity of NCs was calculated by using equation given below.
LC % = [W(DOX)/W(NC)] x 100

In this equation Wpox), is the amount of DOX in nanocapsules, and Wc) is the mass of
nanocapsules.

2.10 Insitu drug release study
2.10.1 DOX release profile of nanocapsules prepared by PVP, PVA and T80

Release profiles of DOX from the PSA based NCs prepared by using PVP (D-PVP-4, D-PVP-1),
PVA (D-PVA-4, D-PVA-1, EA-PVA-4) and T80 (D-T80-4, D-T80-1) were studied in PBS (0.01 M
in pH 7.4). For this purpose, 5 mg nanocapsules of each group was resuspended in 0.5 mL double
distilled water, transferred into seamless cellulose dialysis tubes (MW 12400) immersed immediately
in vials containing 4.5 mL PBS (0.01 M in pH 7.4). The release studies were performed at 37°C in
shaking incubator. Experiments were done as triplicates. In predetermined periods, 0.5 mL aliquots
were drawn out from the medium and replaced with fresh PBS. The absorbance values of the drawn
aliquots were obtained at 490 nm in UV spectrophotometer. The amount of released DOX was
determined by running the calibration curve prepared previously by different concentration of DOX
in PBS (Appendix A). The cumulative percentages of the released drug were plotted versus time. The
obtained data was also examined by curve fitting to Higuchi drug release model.

2.10.2 DOX release profile of pH responsive NCs (PEG-PLH-DOX-NCs)

Release behavior of pegylated pH responsive nanocapsules was studied in PBS buffered solution
(0.01 M) with two different pH; where one is acidic pH 4.0 and the other is physiological pH 7.4. For
this purpose, 5 mg of coated nanocapsules was resuspended in 0.5 mL double distilled water and
transferred into dialysis bag. The release studies were achieved in 4.5 mL responding buffer in
shaking incubator at 37°C. To provide sink condition 0.5 mL aliquots were removed from the release
medium at certain times for UV absorbance measurements while equal amount of fresh PBS solutions
were added into the media. The released amount of DOX was calculated by using calibration curve
prepared previously which was based on the absorbance intensity of DOX at 490 nm. In the
assessment of drug release behavior, the cumulative amount of the released drug was calculated, and
the percentages of released drug from nanocapsules were plotted versus time. All experiments were
carried out in triplicates.

2.11 In vitro cell culture study
2.11.1 Cell uptake and cytotoxicity of DOX loaded nanocapsules

The cytotoxicity of the prepared nanocapsules prepared by using PVP (D-PVP-4), PVA (D-PVA-4)
and T80 (D-T80-4) was examined by using MDA-MB-231 human breast cancer cells. Cells were
purchased from ATCC and cultured in RPMI 1640 cell culture medium (Lonza, Verviers, Belgium)
containing 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were grown by incubation
in T75 flask at 37°C in humidified atmosphere with 5% CO2. After getting enough confluence, cells
were split by Trypsin with concentration of 200 mg/L. Harvested cells were seeded in 96-well plate
(5000 cells per well) in four groups; control cells (contains only cells), blank NCs (NCs prepared
without DOX), free DOX and DOX loaded NCs prepared by using PVP, PVA and T80 4%. To
reduce general evaporation during the incubation, cell-seeded wells were surrounded with wells
containing 200 pL of culture medium. The related cell seeding pattern has been shown in Figure 2-3.
The cell-free background was also performed in parallel to other groups.
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Figure 2-3 Cell seeding pattern. PVP; D-PVP-4 NCs, PVA; D-PVA-4 NCs, T80; NCs prepared by
using T80.

Following to 24-hour incubation, cells were treated by 100 pL sterile PBS (0.01M) and PBS
containing unloaded blank nanoparticles, 0.6 pg/mL free DOX and nanoparticles prepared via PVP,
PVA and T80 having the same concentration of DOX. This concentration of DOX was selected due
to tumor efficiency curve of DOX with different concentration prepared in our cell culture lab in
Radium hospital (Figure A-2, Appendix A). Cell viability test was carried out after 3 days of
incubation via adding 10 pLL WST cell counting kit-8 (Sigma Aldrich, Oslo, Norway) to each well
and incubated for 3 h. The absorbance values of the wells were measured at 490 nm by employing
Wallac Victor plate reader (Turku- Finland).

Cellular uptake of NCs was performed by using fluorescence microscope (Olympus IX81,
Glattbrugg, Switzerland).

2.11.2 Tumor efficiency of pH responsive nanocapsules (PEG-PLH-DOX-NCs)
2.11.2.1 MTS cell viability assay

The anti tumor activity of the prepared pH responsive NCs was examined on MDA-MB-231 breast
cancer cells purchased from American Type Culture Collection (ATCC). In this study cells were
cultured and seeded in 96-well plates with pattern and protocol mentioned in part 2.11.1. After 24
hours post seeding, MDA-MB-231 cells were treated by 100 uL sterile PBS (0.01 M) and PBS
containing blank nanoparticles, 0.6 ug/mL and 1.2 pg/mL free DOX and PEG-PLH-DOX-NCs
containing the same concentrations as free DOX sample. The effect of DOX concentration on tumor
efficiency was examined by applying two different concentrations of DOX (0.6 and 1.2 pg/mL) to
treat the cancerous cells. Cell viability study was performed 3 days after treatment via cell-mediate
reduction by using MTS assay. In this colorimetric method tetrazolium compound, [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium], is reduced
biologically into colored formazan with UV absorbance of 490 nm. As the bioreduction has been
evaluated by cells, the quantity of formazan product measured by UV spectroscopy is directly
proportional to the number of living cells. In this study MTS assay was carried out by adding 20 pL.
of MTS CellTiter 96® (Promega, Madison-USA) to each well and incubated for 2 hours. The
absorbance of produced formazan was measured by plate reader at 490 nm (Wallac Victor, Turku-
Finland).

2.11.2.2  Cell counting Kit-8 cell viability assay

Cell counting Kit-8 was applied for the determination of cell viability in tumor cells after the
application of blank NCs, free DOX and PEG-PLH-DOX-NCs. These NCs were prepared by using
PVA 4% as surfactant and DCM as solvent. This cell counting kit with UV absorbance about 450 nm
is more sensitive than the other colorimetric assays such as MTT or MTS.
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The same cell line with the same protocol mentioned in part 2.11.1. was investigated for cell viability
by using WST Kit-8 (Sigma Aldrich, Oslo Norway). Briefly, MDA-MB-231 breast cancer cells were
seeded in 96-well plates, incubated for 24 hours and treated by 100 uL sterile PBS and PBS
containing blank nanocapsules, free DOX and PEG-PLH-DOX-NCs with concentrations of 0.6
pg/mL and 1.2 pg/mL. After 3 days of incubation at 37°C and 5% CO2, 10 uL of WST Kit-8 was
added to each well and incubated for 2 hours. The absorbance values of the wells were obtained by
UV spectroscopy (Wallac Victor plate reader, Turku, Finland) at 450 nm.

2.11.3 Microscopy study
2.11.3.1 Intracellular DOX release in cancer cells

To visualize the intracellular release of DOX from nanocapsules and their uptake by the cells
confocal laser scanning microscopy was employed. To fulfill of this sense MDA-MB-231 cells
(15000 cells per well) were seeded in 8-well glass slide (Lab-Tek II, NY, USA), incubated for 24 h
and then treated by sterile PBS (0.01 M), PBS containing free DOX (0.6pg/mL) and PEG-PLH-
DOX-NCs containing the same concentration of DOX. In the end of 3-day incubation, medium was
removed and cells were rinsed two times with sterile PBS (0.067 M, pH 7.4). Fixing was evaluated by
adding 400 pL of cold paraformaldehyde (PFA, 4%) to cells, incubated for 15 min at room
temperature and followed by removing paraformaldehyde and rinsing with sterile PBS (0.067 M, pH
7.4). After fixing, the chamber and gasket were removed as it is shown in Figure 2-4. The cell
nucleus were labeled with DAPI (4',6-diamidino-2-phenylindole) during the fixing process by adding
one droplet of prolong gold antifade reagent containing DAPI (invitrogen, Oregon-USA) to each
well. Fixed cells were covered by cover slips, kept at 2-8 °C for 24 hours and then were viewed by
Zeiss LSM 710 confocal microscope equipped with Plan-Apochromat 63x 1.4 NA oil immersion
objective (Zeiss-Germany). Image processing and visualization were performed by using the ZEN
2011 software (Carl Zeiss, Germany).

Figure 2-4 Photograph of well glass slide.

2.11.3.2  Cell uptaking of pH responsive nanocapsules

Cell uptaking of nanocapsules by cancerous cells was examined by fluorescence microscopy. In this
experiment, MDA-MB-231 breast cancer cells were seeded in 8-well glass slide (15000 cells per
well) and treated with sterile PBS as a control group, free DOX and Coumarin labeled PEG-PLH-
DOX-NCs. Treated cells were incubated for 1 day and fixed by PFA (4%) as it has been described in
part 2.11.3.1.

2.11.3.3 Macrophage uptaking of pH responsive nanocapsules

The influence of pegylation of nanocapsules on macrophage uptaking was analyzed on human acute
monocytic leukemia cells (THP-1). THP-1 human acute monocyte cells were obtained as a kind gift
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from Dr. Lina Prasmickaite and grown in RPMI 1640 cell culture medium (Lonza, Verviers,
Belgium) containing 10% fetal bovine serum, 1% penicillin-streptomycin and 2 mM Glutamine.
THP-1 cells were seeded (15000 cells per well) in 8-well glass slide and induced to differentiate into
macrophages by adding 200 pyL culture medium containing 10 uM TPA (12-O-tetradecanoyl-
phorbol-13-acetate) and incubated at 37°C and 5% CO2. After 48 hours macrophages were treated by
replacing TPA containing medium with sterile PBS, pegylated NCs (PEG-PLH-DOX-NCs) and non-
pegylated NCs (PLH-DOX-NCs) with DOX concentration of 0.6 ug/mL. Treated macrophages were
incubated for 6 hours and fixed by paraformaldehyde (4%) as it has been described in part 2.11.3.1
for microscopy study.

2.11.4 In vivo study

In vivo studies were performed on female athymic nude mice. To create required tumors, MDA-MB-
231 cells were injected to 6-week mice with concentration of 2.5 million cells in 100 pL cell culture
medium. Injection of cells was done in mammary fat pad from both sides. Blank nanoparticles, free
DOX and PEG-PLH-DOX-NCs containing the same amount of DOX were prepared in saline solution
in concentration of 8 mg/kg mouse. Prepared samples were kept at -20°C until the treatment time.
Before treatment samples was defreezed and sonicated for 10 min to separate agglomerated
nanoparticles and then injected to mice.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Polysebacic anhydride characterization

Polysebacic anhydride was synthesized by polycondensation polymerization described by Shen with
some modifications (Shen et al., 2001). For this purpose sebacic acid was firstly converted to sebacic
anhydride at 140°C. Water produced during the dehydration of sebacic acid was removed by excess
amount of acetic anhydride added to the flask. Furthermore, pure sebacic anhydride was polymerized
at 180°C under vacuum conditions. Prepared polymer was characterized by H-NMR, FTIR and GPC.
H-NMR spectrum of both sebacic acid and polysebacic anhydride were compared as it is shown in
Figure 3-1. It was observed that peak related to OH groups presenting in monomer structure (3 and
14) which is observed at 10.49 ppm has been disappeared in the spectrum of the synthesized
polysebacic anhydride which is related to conversion of carboxylic acid groups to anhydride.

FTIR analysis also confirmed the synthesis of polysebacic anhydride. The spectra of the both sebacic
acid and polysebacic anhydride are shown in Figure 3-2. The spectrum of sebacic acid (Figure 3-2-a)
shows carboxylic acid characteristic absorption bands at 1697, 1300 and 930 cm-1. The broad band
presented at 3335-2500 cm-1 is due to the strong hydrogen bonding of the -OH group of free acid.
While these bands were disappeared in case of polymer spectrum (Figure 3-2-b) and polysebacic
anhydride characteristic absorption band has been observed at 1816-1740 cm-1. Sharp peak in the
range of 1090-1030 illustrated stretching of anhydride groups (-CO-O-CO-) (Liang et al., 2012).
Peaks observed at the range of 2920 and 2870 are related to stretching of C-H bonds of CH2 groups.
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Figure 3-1 H-NMR spectra. a) sebacic acid, b) polysebacic anhydride.
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Figure 3-2 FTIR spectra. a) sebacic acid, b) polysebacic anhydride.

The molecular weights of synthesized polymers were determined by GPC. Results demonstrated
2500 and 5500 Da as molecular weights of low and high molecular weight polymers, respectively
which depend on the polymerization time. The polydispersity index (PDI) of low molecular weight
polysebacic anhydride has been determined as 1.30. In the case of high molecular weight, this index
showed an increase to 1.98 indicating chains with different chain lengths. This difference may come
from heterogeneous heating during the polymerization coming from poor heat transfer in vacuum
conditions without any stirring process (Chen et al., 2003). To minimize differences in experimental
results, especially in degradation and drug release studies, lower molecular weight (Mw 2500) with
better PDI was used for future experiments.

3.2  Polymer degradation

In controlled drug delivery systems degradation rate and degradation behavior of the carrier play
significant role in drug release profile. In this study delivery vehicles were designed to carry
anticancer agent. Considering to acidic pH of tumor and neutral pH of blood, degradation studies of
the prepared PSA were performed in two different pH media. The hydrolytic degradation of low
molecular weight PSA was carried out in PBS (0.01 M) with pH 4.0 and 7.4. The degradations were
followed by FTIR instrument after 3, 6 and 10 days of incubation in the given pH media. Converting
of anhydride linkage to carboxylic acid is main feature of degradation process. Hence loosing of
anhydride characteristic peaks and intensification of carboxylic acid peak in FTIR spectrum prove
hydrolytically degradation of polysebacic anhydride (Fiegel et al., 2004).

FTIR spectra related to PSA degradation in pH 4.0 buffer at different times are shown in Figures 3-3
and 3-4, while the FTIR spectra related to PSA degradation at pH 7.4 are shown in Figures 3-5 and 3-
6. According to the data obtained from spectra, peaks related to methyl groups appeared in 2890-2840
cm-1 are almost changeless. However band appeared in 1074 cm-1 and illustrated stretching of
anhydride group exhibits a decrease during the degradation from t=0 to t=10 days. By comparing
degradation spectrums in two different pH, it was revealed that PSA degradation in acidic pH (pH=
4.0) has been performed in slower manner from in neutral pH (7.4). This phenomenon is match to
results reported previously (Fu et al., 2001). To focus on the behavior of peak related to vibration of
carboxylic acid group appeared in wavenumber range of 2000-1000 cm-1, the spectra of degradation
in pH 4 and 7.4 was expended in Figure 3-4 and Figure 3-6, respectively. As it was expected peak
related to carboxylic acid appears and increases as the degradation proceeds.
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Figure 3-3 FTIR spectra related to PSA degradation at pH 4. a) t=0, b) t=3, ¢) t=6, d) t=10 days.
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Figure 3-4 Expanded FTIR spectra related to PSA degradation at pH 4. a) t=0, b) t=3, ¢) t=6, d) t=10

days.
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Figure 3-5 FTIR spectra related to PSA degradation at pH 7.4. a) t=0, b) t=3, c) t=06, d) t=10 days.
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3.3  Characterization of DOX loaded nanocapsules

Doxorubicin loaded nanocapsules were prepared by double emulsion method. Because of the high
water solubility of DOX, wy,0/w, emulsion was performed to obtain DOX loaded PSA nanocapsules.
Although the main strategy in this research is targeting via pH responsibility of nanocapsules, the
EPR effect of nano-size particles has been benefited to entrap nanocapsules in tumor site (Alvarez-
Lorenzo et al., 2011; Huynh et al., 2011). To exploit EPR effect in tumor targeting, nanocapsules
with proper size of 200-400 nm are required (Torchilin et al., 2010). Therefore, in order to obtain
nanocapsules with suitable size (200-400 nm) and with proper morphology, some key parameters of
emulsion method such as type and concentration of surfactant and the type of organic solvent were

altered during the nanocapsules preparation process and their effects on the nanocapsules were
examined.

3.3.1 Effect of surfactant and its concentration on size and morphology of NCs

The type and concentration of the used surfactants are significantly important parameters in
nanocapsule preparation. In this study polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP) and
tween 80 (T80) surfactants were used in two different concentrations as 1% and 4% for the
production of PSA based NCs. The effect of surfactant type on size, production yield and DOX
loading efficiency was examined by keeping the solvent type constant as dichloromethane (DCM)
and altering the type and concentration of the surfactants. Obtained results shown in Table 3-1
illustrated that the particle mean size was altered from 1198 nm to 218 nm with the order of
PVP>T80>PVA.

The influence of surfactant concentration on nanocapsules properties was performed by using DCM
as solvent and changing each surfactant concentration from 1% to 4%. It was observed that the

smaller sizes have been obtained when the concentrations were increased from 1% to 4% as shown in
Table 3-1.

Table 3-1 The effect of surfactant and its concentration on the size and shape of NCs

Surfactant  Solvent Yield (%) Loading efficiency (%) Size (nm)
PVA (4%) DCM 50 48.4 218
PVA (1%) DCM 54 75.1 503
T80 (4%) DCM 62 59.0 709
T80 (1%) DCM 56 77.6 807
PVP (4%) DCM 64 82.0 834
PVP(1%) DCM 70 89.8 1198

In the literature, the mean sizes of PSA based nanoparticles prepared via emulsion evaporation
method have been reported as 334 nm (Guhagarkar et al., 2010) and >1000 nm (Hanes et al., 1998;
Kipper et al., 2002; Berkland et al., 2004; Shelke et al., 2007). Obtained results in this study shows
that smaller PSA nanoparticles with 218 nm size can be obtained with a significant reduction in size,
by small adjustments in the preparation processes. The smallest particles were obtained for the case
of using PVA as surfactant. This phenomenon can be explained by the effective adsorption of PVA
on the surface of nano particles and preventing their agglomeration. On the other hand, in case of
PVP larger (almost 4 times for 4% and 2 times for 1%) NCs were obtained since PVP is not as strong
as PVA to prevent agglomeration of the particles. In literature it is given that PVP is a suitable
surfactant to get the smallest sizes of metallic nanoparticles such as Molybdenum oxides (Reddy et
al., 2009), Zinc oxide (Srivastava et al., 2012), Silver (Wang et al., 2005) and Cobalt (Shao et al.,
2006) instead of polymeric nanoparticles. In our study, it was observed that the effect of T80 is
moderate and it is also effective to reduce surface tension energy of PSA based nanocapsules and
prevent their aglomeration.
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Figure 3-7 Size distribution curves of NCs prepared by using 1% and 4% concentrations of PVA, T80
and PVP.

On the other hand, the concentration of surfactant is also an effective parameter in controlling the
sizes of the prepared particles. It was observed that average size of NCs became larger and size
distribution became wider when the concentrations of the surfactants were decreased from 4% to 1%
(Figure 3-7). This result is obvious since the presence of higher concentrations of surfactant decrease
the surface energy of nanoparticles. This fact has been approved by results reported in literature
related to using 1% PVA (Tang et al., 2009), 2.5% PV A (Shelke et al., 2007), 3% PVA (Pfeifer et al.,
2007) and 5% PVA (Lee et al., 2008) resulting to obtain PSA based nanoparticles with mean sizes of
1800, 1000, 428 and 423 nm, respectively. As it is given, increase in the concentration of PVA
caused significant decreases in the size of nanoparticles.

There are various studies related to development of loading efficiency of DOX by overcoming to
migration of DOX molecules from the organic to aqueous phase which is the main cause of the high
amount of non loaded drug in supernatants. Some of these challenges are cooperation of DOX with
anionic polymers (Wong et al., 2004) and investigation of anionic surfactant (Chavanpatil et al.,
2007) to obtain 42.5 and 49.3% encapsulation efficiency. In another study, DOX cations have been
entrapped in nanoparticles prepared from polyethylene sebacate and Gantrez AN 119 (copolymer of
methyl vinyl ether and maleic anhydride) by emulsion method (Guhagarkar et al., 2010). Gantrez can
be hydrolyzed and produced anionic molecules when it presents in aqueous medium. This
phenomenon leads the cationic DOX molecules to be captured between anionic chains of Gantrez and
polyethylene sebacate leading to obtain >80% loading efficiency. In the present study, the maximum
observed loading efficiency was 89.8% which was achieved in particles prepared by using PVP 1%.
This high encapsulation efficiency is directly linked to the size of objective particles which are the
largest size obtained in this research. It was revealed that the loading efficiency and production yield
enhances by increasing in the size of NCs as it was expected.

It is known that PSA is a crystalline polymer. Therefore PSA based particles prepared by solvent
evaporation method tend to yield micro or nanoparticles with fractured and porous surface and this
fact was approved before (Mathiowitz et al., 1990). The surface roughness is resulted from partial
degradation that takes place during micronization process (Kipper et al., 2002). SEM images
presented in Figures 3-8-a and Figure 3-8-c demonstrated that against the mentioned issues related to
rough surface of PSA based micro and nanoparticles, spherical-shaped particles with a smooth
surface were obtained when DCM was used as solvent and PVA and T80 were used as surfactants
with concentration of 4%. Figure 3-8-b shows that investigation of PVP causing to produce drug
loaded polymeric matrixes which are not in spherical or capsule shape which is related to its less
ability to protect the spherical shape of nanocapsules.
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Figure 3-8 SEM micrographs of NCs prepared with DCM and different surfactants. a) PVA 4%, b)
PVP 4%, c) T80 4%.

As it was expected, by increasing the surfactant concentration from 1% to 4%, the prepared NCs get
fine spherical shape and show more homogenous sizes (Figure 3-9).

Figure 3-9 SEM micrographs of NCs prepared with different surfactants. a) D-PVP-4, b) D-PVP-1,
¢) D-PVA-4, d) D-PVA-1, e) D-T80-4, f) D-T80-1.
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3.3.2 Effect of organic solvent on size and morphology of NCs

Type of organic solvent also has enormous effect on the solidification step of emulsion-evaporation
method used in the preparation of NCs as it is shown in Table 3-2. The volatility, viscosity and
miscibility of organic phase affect hardening and stability of nanoparticles (Sahana et al., 2008).

Table 3-2 The effect of solvent on the size and shape of NCs.

Solvent  Surfactant Yield (%) Loading efficiency (%) Size (nm)

DCM PVA (4%) 50 48.4 218
EA PVA (4%) 61 85.8 496

If the solvent evaporates with difficulty having more evaporation time, this leads producing particles
with larger sizes (Hiremath et al., 2012).

There are various solvents such as tetrahydrofurane (Wu et al., 2000), ethanol (Hiremath et al., 2012)
and DCM (Ulery et al., 2009; Tang et al., 2009; Shelke et al., 2007) which have been used for the
preparation of PSA based nanoparticles via either nano precipitation or emulsion-evaporation
methods. Among them DCM is most commonly used solvent for manufacturing of anhydride based
nanoparticles. The smallest size of PSA based nanoparticles prepared by using DCM and PVA
reported in previous researches is 428 nm (Pfeifer et al., 2007). Considering to mentioned result,
nanocapsules prepared in this study exhibit smaller and promising size (218 nm) to exploit EPR effect
in passive targeting.

The type of solvent also influences the size, homogeneity and size distribution of the produced
nanoparticles. It is apparent that when ethyl acetate (EA) was used as solvent, larger size and broader
size distribution have been achieved compared to DCM. This can be explained with its higher water
miscibility, higher viscosity and lower volatility in compare to DCM (Sahana et al., 2008). These
properties cause to evaporation of EA with a slower rate in longer time, leading agglomeration of
nano-sized particles leading to form larger NCs (Figure 3-10). On the other hand, size distribution
peak also gets wider demonstrating more heterogeneous distribution.

As it is observed from SEM micrographs (Figure 3-11-b), by changing the solvent from DCM to EA,
some of NCs consisted orifices on their surface. It may be due to miscibility of EA in water phase
causing to formation of holes during the evaporation of EA during the process.
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Figure 3-10 Size distribution of NCs prepared by using DCM and EA solvents.
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Figure 3-11 SEM micrographs of NCs prepared with different solvents. a) DCM, b) EA.

3.3.3 Insitu DOX release profiles and kinetic

Controlled release drug delivery systems include delivery of a drug by a desired rate resulting to
decrease side effects and dose taking frequency. Drug release profile and rate of degradation of
biomaterial are important parameters in manufacturing controlled release delivery vehicles. Drug
release rate from nanoparticles can be considerably changed by size, morphology and shape (Dong et
al., 2009).

Drug release profiles of PSA nanoparticles were reported in literature for both hydrophobic and
hydrophilic model drugs (Shen et al., 2002). It was evidenced that hydrophobic drugs distribute
uniformly in the polymer matrix hence they exhibit a release profile in similar manner of monomer
release. In the case of hydrophilic drugs they precipitate in the polymer matrix and consequently
show a burst effect in their release profile. This scene was observed in DOX release profiles of all
type of NCs prepared in this study. SEM micrographs shown in Figures 3-8 illustrated that NCs
formulated using PVP have the largest size in compare to other groups. The results obtained by in situ
DOX release study of NCs are displayed in Figure 3-12 and it was indicated that despite their larger
sizes NCs prepared using PVP (D-PVP-1, D-PVP-4) present a faster burst release profile in compare
to sustained release of DOX in case of NCs formulated via T80 (D-T80-1, D-T80-4) and PVA (D-
PVA-1, D-PVA-4). This behavior is consistent to present of non spherical and drug containing
polymeric matrixes in this group causing to quick and burst release of drug in the first 30 h. DOX
release behavior of NCs prepared by T80 exhibit slower release rate via a sustained manner which
stems from sizes of this group. Additionally there are some researches concerning to investigation of
T80 as an inhibitor for corrosion of different formulations (Abdallah et al., 2003; Ramyji et al., 2008;
Dhanya et al., 2011). Considering to this results it was speculate that remained T80 on the surface of
nanocapsules may cause to retard in polymer degradation inducing a delay in drug release from NCs.
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Figure 3-12 DOX release profiles of NCs.

By the study of the effect of solvent on the release rate, it was revealed that orifices presented on the
surface of NCs solidified in EA (Figure 3-11-b) speed up water penetration into the inside of the
nanocapsules. This phenomena influence the dissolving of hydrophilic DOX and incurring
subsequently release of drug in compare to drug release from NCs formulated by DCM (Figure 3-13).
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Figure 3-13 DOX release profiles of NCs prepared by using DCM, EA as solvent.
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Release kinetics of all the prepared samples were studied by plotting of drug release curves due to
Higuchi model. In this model cumulative drug release is proportional to square root of time as the
given equation (Shoaib et al., 2006):

Q=Ktl/2

where,
Q = Cumulative amount of released drug at time t, Ky is Higuchi constant, and t is time in hours.

Drug releases fitted to this model explain a release via diffusion manner. Figure 3-14 clarifies that
approximately all NCs prepared by different surfactants and surfactant concentrations fit and follow
the Higuchi release pattern. In the case of NCs emulsified by T80, the release pattern has slipped in
higher percentages of cumulative release and was not compatible with the release curves of the
others. This phenomenon approved this fact that T80 remained on NCs surfaces prevents the
diffusion and drug release leading to delay in drug releases as it was observed in Figure 3-12. The
effect of solvent on release kinetic was presented in Figure 3-15. It was observed that both curves
related to drug release of NCs prepared in either DCM or EA follow Higuchi model well.
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Figure 3-14 Higuchi drug release curves from the NCs prepared by different concentrations of PVA,
PVP and T80.
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Figure 3-15 Higuchi drug release curves from the NCs prepared in DCM and EA.

3.3.4  Cellular uptake and antitumor efficiency of DOX loaded NCs

The cytotoxicity study of DOX loaded nanocapsules and free drug were performed against human
breast cancer cell line MDA-MB-231 by colorimetric cell viability test. These assays are based on
color shift of the culture medium via reaction of living cell metabolites with assay solution chemical
(Khattak et al., 2006). In this experiment MDA-MB-231 cells were grown by protocols recommended
by ATCC, seeded in 96-well plates and treated by blank unloaded nanocapsules, free DOX with
concentration of 0.6 ug/mL and D-PVP-4, D-PVA-4 and D-T80-4 NCs carrying the same amount of
DOX. Following to 3-day incubation cell viability tests was performed using WST cell counting kit-
8. Blank nanocapsules and untreated cells were used as control groups. Viability percentage was
calculated using absorbance of untreated cells as 100% survival. Results of cytotoxicity and tumor
efficiency of nanocapsules is shown in Figure 3-16. According to obtained results drug-free blank
nanocapsules did not exhibit any detectable cytotoxicity on MDA-MB-231 cells. This consequence
was in agreement with cytotoxicity studies of PSA based formulations reported in literature (Leong et
al., 1986; Laurencin et al., 1990; Shikanov et al., 2004; Zhang et al., 2012).
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Figure 3-16 Cytotoxicity and tumor efficiency of NCs formulated by of PVP (D-PVP-4), PVA (D-
PVA-4) and T80 (D-T80-4) with DOX concentration of 0.6 pg/mL.
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According to survival curves in Figure 3-16 it can be observed that DOX loaded NCs formulated
using PVP (D-PVP-4) and PVA (D-PVA-4) exhibit higher anticancer efficiency than the T80 (D-
T80-4). This expected result arises from a mutual correlation with drug release rate from NCs. As it
mentioned in part 3.3.3, almost more than 90% of loaded DOX in NCs prepared by PVP and PVA is
released during 1 and 2 days, respectively (Figure 3-12). While NCs fabricated by using T80 release
same amount of drug in more than 4 days. Hence to get the same antitumor activity more incubation
time is required.

By comparing the antitumor efficiency of free DOX with DOX loaded NCs formulated using PVP
(D-PVP-4) and PVA (D-PVA-4), it was observed that NCs display more cytotoxicity in compare to
free drug. This phenomenon is attributed to cellular uptake of NCs and their intracellular drug release
approved by fluorescence imaging microscopy. Regarding to fluorescence property of DOX, it was
easily recognized by using TRITC filter in fluorescence microscopy as shown in Figure 3-17.

Figure 3-17 Fluorescence microscopy of cells. a) control cells, b) treated with free DOX 0.6 pg/mL,
¢) treated with D-PVP-4 NCs (0.6 pg/mL), d) treated with D-PVA-4 NCs (0.6 ug/mL), d) treated
with D-T80-4 NCs (0.6 pg/mL).
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Figure 3-17 illustrated that a large number of the NCs were internalized and distributed in cytoplasm
region of the MDA-MB-231 cells, according to their nano size. This consequence indicates that NCs
exhibit more effective treatment due to their significantly high internalization of DOX resulted from
NCs cellular uptakes.

In defiance and compare of results obtained from characterization of NCs prepared using different
solvents, surfactants and surfactant concentration it was observed that NCs formulated by PVA 4% as
(Figure 3-15-d) surfactant and DCM as solvent (D-PVA-4) possess potential to investigate as an
anticancer delivery systems. Consequently further parts of this research (coating with PLH and
pegylation) were performed by using NCs prepared by PVA 4% as surfactant and DCM as solvent.

3.4  Characterization of pH responsive nanocapsules
3.4.1 Drug encapsulation and loading capacity

Sustained drug delivery system is usually defined as a delivery technique to carry at least two-fold
dosage of pharmaceutic agents (Bankar et al., 2012; Singh et al., 2010). Hence, encapsulation
efficiency and loading capacity of prepared delivery systems play an important role in sustained
delivery. The advanced approach for drug-loaded and polymeric based delivery systems is towards
obtaining high drug loading capacity. Water-soluble doxorubicin exhibits weak amphipathic
properties (pKa 8.3) leading to stay in aqueous medium. There are various challenges related to
improve DOX loading efficiency by preventing its migration from the organic to aqueous phase
which is the main cause of the high amount of non loaded drug in supernatants.

For instance, in the last decades doxorubicin loading has been improved by applying a pH gradient.
By this way DOX permeated to entrap inside the capsules by attraction to pre-encapsulated citrate
ions (Madden et al., 1990; Li et al., 1998).

In some studies it has been reported that the loading capacity can be increased from 10 to 20 folds by
creating a pH gradient such as pH 7 in outside and pH 4 in inside of the delivery systems (Ahmed et
al., 2006; Choucair et al., 2005). In some of studies cooperation of DOX with anionic polymers
(Wong et al., 2004) and investigation of anionic surfactant (Chavanpatil et al., 2007) have been
applied to develop DOX encapsulation efficiency to 42.5 and 49.3%, respectively. In the other
research, DOX cations have been entrapped in nanoparticles prepared from polyethylene sebacate and
Gantrez AN 119 (copolymer of methyl vinyl ether and maleic anhydride) by emulsion method
(Guhagarkar et al., 2010). Gantrez can be hydrolyzed and produced anionic molecules when it
presents in aqueous medium. This phenomenon leads the cationic DOX molecules to be captured
between anionic chains of Gantrez and polyethylene sebacate leading to obtain >80% loading
efficiency.

In this study encapsulation efficiency and loading capacity of DOX in polysebasic anhydride base
nanocapsules prepared by DCm and PVA 4% was determined as 48% and 5.30%, respectively
without any modification to improve loading efficiency. Consequently, NCs fabricated in this study
via double emulsion method exhibit promising content of drug encapsulation for DOX delivery.

3.4.2 pH responsibility

Poly (L-histidine) (PLH) is a kind of biodegradable polyamino acid. It involves many imidazole
functional groups with pKa around 6.0 leading to exhibit buffering property in the physiological pH
range. Imidazol groups can be protonated in pH below 5.8 leading to dissolve of poly (L-histidine) in
dilute acids (Patchornik et al., 1957). This feature has been investigated to design different PLH
based complexes as pH-sensitive delivery systems. For instance PLH with aminoethyl groups and
PLH conjugated with carbohydrate have been prepared to promote delivery efficiency to mammalian
cells (Asayama et al., 2004; Wang et al., 1984). PLH also has been applied either as an outer shell or
in cooperation with alginate to prepare microcapsules used for protein delivery (Wang et al., 2005;
Chen et al., 2011). In these researches PLH has defined as a promising compound to apply for protein
delivery.

As main part of this research, stimulus response has been based on the pH responsibility of poly (L-
histidine). For this purpose, DOX loaded NCs were coated by adsorbing PLH molecules on the NCs
surfaces by electrostatic forces. For this purpose zeta potential of both DOX loaded NCs and PLH
were analyzed in dilute acid medium regarding to create the same condition needed for coating.
According to results zeta potential of +29.4 mV and -35 mV were obtained for PLH and DOX loaded
nanocapsules, respectively. Due to the obtained results positively charged PLH can be adsorb on
negatively charge DOX loaded NCs. To check the possibility of this hypothesis, PLH-coated NCs
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(PLH-DOX-NCs) were characterized by FTIR to see absorbance peaks coming from PLH functional
groups on the FTIR spectrum of NCs. Figure 3-18 presents FTIR spectra related to DOX loaded
nanocapsules (a), DOX loaded nanocapsules which have been coated with PLH (PLH-DOX-NCs) (b)
and pure PLH used as blank to compare the success of coating.
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Figure 3-18 FTIR spectra. a) DOX loaded NCs, b) PLH coated and DOX loaded NCs (PLH-DOX-
NCs), c¢) pure PLH.

By comparing these spectra, it was illustrated that spectrum of DOX loaded and PLH coated NCs
(Figure 3-18-b) not only displays peaks coming from DOX loaded nanocapsules (Figure 3-18-a) but
also contains absorbance peaks coming from imidazole groups presented in PLH polymer chain
(Figure 3-18-c). These results show the presence of PLH on the surface of NCs; so that they gain pH
responsibility from PLH.

3.43 Pegylation of pH responsive NCs

The macrophage uptakes of prepared pH responsive delivery vehicles were reduced by modification
of nanocapsules with PEG. The modified nanocapsules were characterized by FTIR to see absorbance
peaks coming from PEG functional groups on the FTIR spectrum of pH responsive NCs. Figure 3-19
presents FTIR spectra related to PEG (a), Pegylated pH responsive and DOX loaded nanocapsules
(PEG-PLH-DOX-NCs) (b) and pH responsive NCs (PLH-DOX-NCs). The spectra of PEG was used
as blank to compare the success of modification.
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Figure 3-19 FTIR spectra. a) PEG, b) pegylated and PLH coated NCs, c) PLH coated and DOX
loaded NCs.

By comparing these spectra, it was concluded that spectrum of pegylated NCs (Figure 3-19-b)
displays peaks coming from pH responsive NCs (Figure 3-19-c) as well as absorbance peaks
appeared in 2820 and coming from PEG functional groups (Figure 3-18-a).

The aim of this study is investigation of EPR effect for passive targeting. Hence, the final size NCs
coated by PLH and modified with PEG is important. The effect of these processes on morphology
and size of nanocapsules were examined by DLS and SEM. The results obtained from DLS which is

shown in Figure 3-20 proved that the size of NCs is not affected significantly by coating and
modification.
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Figure 3-20 Size and size distribution of NCs after coating with PLH and modification by PEG.
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The SEM micrographs shown in Figure 3-21 presents the final morphology of pegylated pH
responsive NCs. It was observed that the spherical shape of NCs have been changed slightly during
the coating and modification process. This phenomenon is resulted from heterogeneous coating of
NCs with PLH during the precipitation of PLH on surface of NCs.
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Figure 3-21 SEM micrograph of NCs after coating with PLH and modification by PEG.

3.44 Insitu DOX release study from PEG-PLH-DOX-NCs

The in vitro release profile of the pH responsive nanocapsules (PEG-PLH-DOX-NCs) with drug
loading efficiency of 48% is given in Figure 3-22. This release profile within 200 hours signifies the
potential viability of the pH responsive polysebacic anhydride based nanocapsules as a device for
passive targeting delivery systems. Release profiles of nanocapsules in acidic and neutral PBS
demonstrated that coated nanocapsules release higher amount of drug in their both burst and
sustained-release steps due to dissolving of poly (L-histidine) in acidic pH. By this way drug
concentration will reach to effective dose in short time. In next step because of slow degradation of
polysebacic anhydride drug will release in a sustained pattern. In the case of pH 7.4, it takes more
time to achieve effective dose. To decrease the release more effectively in pH 7.4, using of high
molecular weight polymers and/or double coating of nanocapsules by poly (L-histidine) can be
suggested.
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Figure 3-22 DOX release profiles of PEG-PLH-DOX-NCs at pH 4.0 and pH 7.4

3.4.5  Cell culture study of pH responsive nanocapsules
3.4.5.1  Antitumor efficiency

The antitumor efficiency of free DOX was compared with DOX encapsulated in NCs. For this
purpose colorimetric cell viability tests were performed.

3.4.5.1.1 MTS cell viability assay

MTS assay is based on reduction of a tetrazolium salt by metabolites of growing cells to a colored
formazan with absorbance at 490 nm (Capasso et al., 2003). Results of cytotoxicity and tumor
efficiency of nanocapsules have been shown in Figure 3-20. According to obtained results drug free
nanocapsules did not exhibit any detectable cytotoxicity on MDA-MB-231 cells. This consequence
was in agreement with cytotoxicity studies of PSA based formulations reported in literature (Leong et
al., 1986; Laurencin et al., 1990; Shikanov et al., 2004; Zhang et al., 2012). In this research, firstly
all cell viability tests were performed by MTS assay. Results obtained from this calorimetric
proliferation tests were not match to results expected from antitumor efficiency of both free DOX and
DOX loaded NCs. In most of results more than 70% of MDA-MB-231 cancerous cells were alive
after 3-day treatment by DOX with concentration of 0.6 pg/mL either in nanocapsules or even in case
of free drug. Observed results were not acceptable. The experiment was repeated in different
conditions by changing some parameters such as the amount of cell culture medium (from 200 and
100 pL) and the number of seeded cells (from 5000 tO 2500 cells per well) to find the source of
problem. As it is shown in Figures 3-23-a and Figure 3-23-b, results illustrate the same feature with
previous conditions. To get expected antitumor efficiency different concentration of free DOX (0.6
pg/mL and 1.2 pg/ml) were applied to treat MDA-MB-231 cells in 3 days and analyzed by MTS
assay again. According to results shown in Figure 3-24, it was unexpectedly pointed that the
absorbance values were higher indicating more living cells via applying higher concentration of
DOX. This fact leads us to focus on MTS assay protocols. It was the noticed that the UV absorbance
of MTS assay was 490 nm which was almost the same as the absorbance of DOX. Therefore instead
of absorbance coming from the living cells, absorbance of DOX was detected accidentally. Hence to
have a correct cell viability test other cell proliferation assay, WST kit-8, with UV absorbance at 450
nm was applied.
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Figure 3-23 MTS cell viability assay. a) by applying less number of cells (2500 cells per well), b) by
applying less amount of cell culture medium (100 pL).

MDA-MB-231 cells (3 days)

100 -
90 1
80 A
70
60
30
40 +
30 A
20 A
10 A

U T T T T 1
BlankNCs Free DOX (II) Free DOX (I)  NCs(IT) NCs ()

Cell Viability (%)

Figure 3-24 MTS cell viability assay by applying different concentration of DOX, (I): 0.6 pg/mL,
(D: 1.2 pg/mL.

3.4.5.1.2 WST kit-8 cell viability assay

Antitumor activity of free DOX and PEG-PLH-DOX-NCs were analyzed by using WST cell counting
kit-8. WST-8 is a kind of tetrazolium salt [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium] converting to a water soluble dye by biological
reduction carried out by living cell’s metabolites. In these experiments cells were seeded in 96-well
plates and treated by 0.6 pg/mL free DOX, drug loaded NCs containing same amount of DOX and
blank NCs. Cell viability assay was done after 3-day incubation.

In part 3.3.4 it was demonstrated that no significant cytotoxicity has been observed in MDA-MB-231
cells treated by drug-free PSA based nanocapsules which made them suitable to use as potential drug
delivery systems. This expected feature is match to published studies related to cytotoxicity of PSA
based components and formulations (Leong et al., 1986; Laurencin et al., 1990; Shikanov et al., 2004;

43



Kim et al., 2007; Shikanov et al., 2010; Zhang et al., 2012). In this part the cytotoxicity of pegylated
and PLH coated blank nanocapsules (PEG-PLH-NCs) were studied and compared with literature.
According to the literature no cytotoxicity effect has been observed in PLH and its derivations (Benns
et al., 2000; Liu et al., 2011; Casolaro et al., 2012).

The cytotoxicity results of the pH responsive nanocapsules demonstrated that cell viability obtained
from blank NCs is relatively higher than 100%. This result approves that PLH is in favor of cell
proliferation.

The main action of free DOX is preventing DNA duplication and an inhibition of the topoisomerase
II (Minotti et al., 2004; Hande et al., 2008). Hence treatment of cancer cells in duration more than
their recycle time can guaranty the validity of the obtained results (Gautier et al., 2012). Figure 3-25
shows the cell viability of MDA-MB-231 cells exposed to DOX with concentrations of 0.6 pg/mL
and 1.2 ug/mL in free and encapsulated state. Results reveal that in contrast to results obtained by
MTS assay higher cytotoxicity levels were observed in cells treated with higher concentrations of
DOX as expected.

By comparing the behavior of free and loaded DOX, it was seen that although same amount of DOX
has been used in both cases, more antitumor activity has been observed by DOX loaded
nanocapsules. This phenomenon can be linked to cellular uptake and intracellular release coming
from high endosomal-lysis capacity of outer shell of NCs constituted of pH responsive property of
poly (L-histidine).
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Figure 3-25 WST kit-8 cell viability assay of blank NCs (PEG-PLH-NCs), free DOX 0.6 pug/mL (I)
and 1.2 pg/mL (II), PLH coated NCs (PEG-PLH-DOX-NCs) containing 0.6 ug/mL (I) and 1.2 pg/mL
(I DOX.

3.4.5.2  Intracellular release and cell uptake

Intracellular release is a promising strategy to develop the therapeutic efficacy of anticancer drugs.
There are various challenges to improve the properties of DOX-loaded polymeric vehicles to enhance
the intracellular concentration of DOX especially in the drug resistant cells (Kirchmeier et al., 2001;
Huang et al., 2011; Gao et al., 2011). Poly (L-histidine) has been known to trigger fusion activity of
cell membrane. It has been reported that PLH can be protonate in acidic medium and can induce
phospholipid bi-layers by performing 16 interactions between the protonate molecules and negatively
charged phospholipids (Uster et al., 1985; Wang et al., 1984).

In this study the intracellular release of DOX was performed via using a PLH shell around the DOX
loaded PSA NCs. Intra cellular release was characterized by confocal microscopy. For this purpose
non-treated cells, cells treated by the same concentration of free DOX and nanocapsules loaded with
DOX were analyzed. To determine the location of the released drug, the nucleus was stained by using
DAPI (blue) during the cell fixing process. TRITC filter responding to red fluorescence signals was
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employed to recognize the region of DOX. A merge image of fluorescent photos with phase-contrast
photo was obtained to better analysis. Figure 3-26 shows the resulting intracellular release of DOX
from pH responsive NCs. In control cells (Figure 3-26-a) which were treated only by PBS there was
no red fluorescence signal coming from DOX. In the case of cells treated by free DOX, (Figure 3-26-
b) DOX primarily enters into MDA-MB-231cells and easily localizes in nuclei as it has been
demonstrated previously (Suo et al., 2010; Zhang et al., 2012).

For cells treated by PLH coated NCs (PEG-PLH-DOX-NCs), significant increase has been observed
for intracellular release of DOX (Figure 3-26-c). The concentrated red parts appeared in cytoplasm
were attributed to uptaking of NCs by MDA-MB-231 cells.

a) TRITC & DAPI

Figure 3-26 Confocal microscopy images for intracellular release of DOX. a) non-treated cells, b)
cells treated by free DOX, c) cells treated by PLH coated DOX carrying NCs.

Although these results show the presence of DOX in the cell and around the nucleus, there might be
other hypothesis for red parts located inside the cells. Due to high water solubility of DOX, that could
be possible for DOX to release in the culture medium and then taken up by the cells as free drug. To
clarify this point and to be sure that NCs were taken up into he cells, cellular internalization of NCs
was visualized by using coumarin-6 green fluorescence reagent. In this experiment polysebacic
anhydride was labeled by poorly water-soluble coumarin-6 before the preparation of nanocapsules.
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DOX loaded NCs were prepared from coumarin-6-labeled polymer and coated by PLH and modified
by PEG. Cellular uptake efficiency of labeled NCs was examined on MDA-MB-231 cells. The cells
were treated with PBS and PBS containing DOX loaded and coumarin 6-labeled NCs. To prevent
release of poorly water-soluble coumarin-6 in cell culture medium, cells were fixed in 1 day after
treatment. Figure 3-27 shows microscope images related to MDA-MB-231 cells treated by PBS (3-
27-a) and coumarin 6-labeled NCs (3-27-b-1 and 3-27-b-2).

Figure 3-27 Confocal microscopy images for cellular uptake. a) cells treated with PBS, b) cells
treated by PLH coated and coumarin 6-labeled NCs.

The images in the left column show images obtained by green fluorescence filter suitable for
coumarin 6. The middle column is related to images obtained by TRITC red fluorescence filter
responding to DOX. Images in the right column show merged images of green, red and phase contrast
with DAPI filters. As it is shown in Figure 3-27-b-1 and 3-27-b-2, the green fluorescent parts can be
observed after 6 hours of incubation with coumarin-6 labeled nanocapsules. This feature illustrated
that formulated nanocapsules (PEG-PLH-DOX-NCs) induce potential to internalize into MDA-MB-
231 cells. Results obtained in this experiment clarified that in treatment of cells by DOX loaded NCs,
DOX can be taken up by MDA-MB-231 cells in encapsulated state.
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3.4.5.3  Macrophage uptake

In the last decades, the in vivo applications of polymeric drug delivery systems have changed from
macro-size (=1 mm) to micro (5— 20 pm) and finally to nano (100-1000 nm) (Preis et al., 1979;
Kipper et al., 2002). These nano-size particles exhibited advantages leading to bring them to fore. For
instance they can be investigated without any surgery (Berkland et al., 2004), applied for multi-drug
delivery (Hsu et al., 2005), and targeted to tumor site via EPR effect (Maeda et al., 2000). The
negative side of these carriers limited their clinical application is their uptaking by phagocytes
leading to reduce their blood circulation (Lacasse et al., 1998; Soma et al., 2000).

Pegylation (using of poly ethylene glycol) has been known as a technique to depressed elimination of
nanoparticles (Harper et al., 1991; Veronese et al., 2005; Hamidi et al., 2006; Pirollo et al., 2008).
PEG molecules either binded or adsorbed to surface of nanoparticles inhibit blood proteins absorption
by steric hindrance and repulsion effects of PEG chains (Owens et al., 2006; Claesson et al., 1995) .
In this study the influence of pegylation on macrophage uptake was determined by using THP-1
human monocyte cells differentiated to macrophages by using 10 uM TPA (12-O-tetradecanoyl-
phorbol-13-acetate) as described in literature (He et al., 2010). In this experiment PBS treated
macrophages were used as control group. Confocal photomicrographs of THP-1 monocytes have
been represented in Figure 3-28. It should be notified that the observed bubbles surrounding the
macrophages membrane are coming from CO2 gas produced by THP-1 macrophages during the
fixing process. Figure 3-28-b is corresponding to non-pegylated NCs. In this result rapidly internalize
of most of non-pegylated capsules is obvious by appearance high-concentrated red parts inside the
macrophages coming from loaded DOX inside the NCs. By comparing pegylated NCs (Figure 3-28-
¢) with non-pegylated (Figure 3-28-b), it was revealed that pegylated NCs exhibit less exposure to
internalize by phagocytic pathways.

Figure 3-28 Confocal microscopy images for HTP-1 macrophage internalization in a) control cells,
b) non-pegylated NCs, c) pegylated and PLH coated NCs.
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It is no doubt that, due to in vitro conditions of this experiment all pegylated and non-pegylated NCs
will be phagocyte by macrophages with time (Ulery et al., 2009). To get more real result macrophage
internalization study was performed 6 hours after treatment of HTP-1 cells.

3.5 Invivo test of pH responsive nanocapsules

In vivo tests were aimed to carry out on nude mice. Cancer mice were treated in three groups; blank
nanocapsules, free DOX and DOX loaded nanocapsules. In the case of blank nanocapsules (PEG-
PLH-NCs) and free DOX no problem was observed during the treatment. While in the case of PEG-
PLH-DOX-NCs loaded nanocapsules, trouble breathing was observed in injected mice. This problem
attributed to agglomeration of DOX loaded nanocapsules during the freezing and storing as it was
expected. Due to this agglomeration, DOX containing nanoparticles got bigger sizes and created
some problems during the treatment.

To overcome to this problem fresh nanocapsules containing DOX will be prepared and in vivo test
will be repeated with fresh nanocapsules.
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CHAPTER 4

CONCLUSION

In light of this study, we explored a pH responsive drug delivery system based on polysebacic
anhydride to target doxorubicin, as anticancer agent.  This strategy causes to enhance
chemotherapeutic efficiency and reduce its responding side effects. In last decades various studies
reported about development of novel delivery systems to carry anticancer agents. The newest
approach in drug delivery is targeting of drugs to tumor and intercellular release of cytotoxic
anticancer drugs. In this research passive targeting of DOX loaded nanocapsules was performed by
investigation of poly (L-histidine). It has been reported that poly (L-histidine) exhibit a promising
potential to protonate resulting endosomal lysis. Cell uptake results obtained in this study proved the
capacity of poly (L-histidine) to internalize into cancer cells and to carry DOX as a chemotheraputic
agent.

An ideal nano-size delivery system should perform properties such as high loading capacity, proper
size and size distribution and prevented macrophage uptake. Nano capsules prepared in this work
own high loading capacity without any modification to develop encapsulation efficiency of water-
soluble doxorubicin. The size of the prepared nanocapsules is suitable to exploit EPR effect for
passive targeting into tumor site. Another important property of formulated nanocapsules was
application of polysebacic anhydride as a base matrix. Polysebacic anhydride exhibits promising
properties for sustained release delivery. This biodegradable polymer display surface erosion leading
to release of encapsulated drug via controlled pattern.

It is no doubt that the last future of a biomedical research is swing from the bench to the bed. The cost
of formulated system plays important role in its clinical application. It should be considered that
monomer of polysebacic anhydride, sebacic acid, has a natural source resulting to exhibit a low cost
in compare to most of synthesized polymers. All these characteristic of designed pH responsive
system obtained due to results of the present study demonstrate that poly (L-histidine) coated
nanocapsules based on PSA enable intracellular delivery of anticancer agents have made it as a
promising delivery system for targeting doxorubicin to tumor site and for future clinical practice.
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APPENDIX A: CALIBRATION CURVE
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Figure A.1 Calibration curve of DOX in PBS 0.01 M, pH 7.4
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APPENDIX B: DOSE CURVE

Cell Viability (%)
- P Lad =y (%] (=3} | [==] w E;
L] = = = L] [ L] L] = =

Tu 100nM

(=]

10nM 1M 0,1nM

DOX concentration

Figure B.1 Cell viability of MDA-MB-231 cells versus different concentrations of DOX.

64



