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ABSTRACT

APPLICATIONS OF BIOMATERIALS IN CANCER DIAGNOSIS
AND TREATMENT

Damla Gozen
M.Sc. in Molecular Biology and Genetics
Supervisor: Assist. Prof. Dr. Kamil Can Akgali
July, 2013

Cancer remains to be a major burden of disease worldwide, despite the significant
increase in the number of studies that focus on the development of novel diagnostic and
treatment strategies. Recently, important part of these studies use biomaterials and their
biomedical applications have been investigated extensively, due to their
biocompatibility. Among these biomaterials two of them, carbon nanotubes (CNT) and
polymer hydrogels have gained great importance due to their unique physical and
chemical properties. The current study proposes new approaches that take advantage of
these two biomaterials which could be used in the treatment and diagnosis of
hepatocellular carcinoma (HCC). We first proposed the usage of CNTs as novel
diagnostic tools for the determination of the aggressiveness of HCC. Two cell lines with
different epithelial-to-mesenchymal (EMT) status, HUH7 and Snul82 were used and
their attachment features on patterned CNT surfaces were compared. Our SEM images
and MTT results revealed that the cells with epithelial phenotype (HUH7) attach and
proliferate more on CNTSs than the cells with mesenchymal phenotype (Snul82) which
makes these surfaces promising diagnostic tools to differentiate HCC according to their
aggressiveness. Secondly, polymer hydrogels with Dox release were suggested to be
promising therapeutics to cure HCC. Our cell viability and cytotoxicity tests showed the
inhibition of the proliferation of HCC line, SNU398 in the presence of drug-releasing
hydrogels. This suggests the usage of hydrogels as drug delivery vehicles to have
enhanced therapeutic efficacies in the HCC therapies.

Keywords: Biomaterials, CNTs, polymer hydrogels, cancer, treatment, diagnosis.



OZET

BIYOMATERYALLERIN KANSER TESHIS VE TEDAVISINDEKI
KULLANIMI

Damla Gozen
Molekiiler Biyoloji ve Genetik, Yiiksek Lisans Tezi
Tez Yoneticisi: Yard. Dog. Dr. Kamil Can Akcali
Temmuz, 2013

Giiniimiizde birgok bilimsel ¢alisma kanser teshis ve tedavisinde yeni ve daha etkili
stratejiler gelistirmeye odaklanmis olsa da kanser hala diinyadaki baslica hastalik
nedenlerinden biridir. Bu calismalardan 6nemli bir kismi1 biyomateryallerin biyolojik
uyumlu Ozelliginden dolayr biyomedikal alandaki uygulamalarini arastirmaya
yonelmistir. Bu biomateryaller arasinda karbon nanotiipler (KNT) ve polimer hidrojeller
essiz fiziksel ve kimyasal ozellikleri sayesinde biiyiik 6nem kazanmaktadirlar. Bu
calisma bu iki biyomateryalin 6zelliklerinden yaralanarak karaciger kanseri teshis ve
tedavisi i¢in yeni yaklasimlar getirmeyi amaglamaktadir. ilk olarak, karaciger kanserinin
agresifligini belirlemek igin teshis esnasinda KNTlerin kullanimi test edildi. Degisik
epitel ve mezenkimal fenotipteki iki hiicre hattinin, HUH7 ve Snul82, KNT yiizeyleri
tizerindeki yapisma ozellikleri karsilastirildi. Taramali elektron mikroskobunda elde
edilen goriintiiler ve MTT sonuglart epitel fenotipteki HUH7 hiicrelerinin KNT yiizeyler
tizerindeki yapisma ve biiylimesinin mezenkimal fenotipteki Snul82 hiicrelerine gore
daha fazla oldugunu gostermistir. Bu sonu¢ KNT ylizeylerinin karaciger kanserinin
agresifligini belirlemek i¢in kullanilabilecegini gostermektedir. Bu g¢alismadaki ikinci
hedefimiz, Dox igceren polimer hidrojellerin karaciger kanseri tedavisinde etkili olarak
kullanilabilecegini gdstermekti. Yapilan hiicre sayim ve sitotoksisite testleri ile
karaciger kanseri hiicre hatti Snu398in ¢ogalmasinin ilag igeren hidrojellerin varliginda
engellendigi gosterilmistir. Bu sonuglar, hidrojellerin ilag tasiyicisi  olarak
kullani1ldiginda kaaciger kanseri tedavisinin tesirini arttirabilecegini 6ne stirmektedir.

Keywords: Biyomateryaller, KNT, polimer hidrojeller, kanser, tedavi, teshis.
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Chapter 1

Introduction

Cancer is a major public health problem worldwide. The number of patients diagnosed
with cancer has been increasing each year [1]. Recently, many studies have been
performed to find novel diagnostic strategies for early and easier recognition of the
disease and determination of its stage. There is also a huge interest in the studies
focusing on the development of new therapies with increased efficacy and decreased

side effects.

Along with other fields, biomaterial and nanotechnology research gain great importance
in biomedical applications; especially in cancer diagnosis and treatment; due to their
biocompatible characteristics. They have been studied for targeted drug delivery, gene
delivery, chemotherapy and tumor imaging as well as many other uses. The studies of
application of biomaterials to develop safer medicines with increased treatment efficacy
have promising results. [2-4] Two of these biomaterials; Carbon nanotubes (CNT) and
polymer hydrogels have shown considerable promise both in cancer diagnosis and
therapy. [5,6]



The current study proposes new approaches that take advantage of two biomaterials,
CNTs and hydrogels which could be used in the treatment and diagnosis of
Hepatocellular carcinoma. CNTs are proposed as novel diagnostic tools for the
determination of the aggressiveness of Hepatocellular Carcinoma (HCC); while polymer

hydrogels with Dox release are suggested to be promising therapeutics to cure HCC.

In order to understand the application of these biomaterials in treatment and diagnosis of
HCC, the first part of the introduction of this thesis includes some information about
HCC. Then, the use of VA-CNTs in HCC diagnosis and the use of hydrogels in the
treatment of HCC would be explained in further parts.

1.1

Hepatocellular carcinoma (HCC) is an epithelial cancer with one of the worst prognosis

Hepatocellular Carcinoma

among the other cancers. There are many causes of HCC development such as HBV and
HCV infections, alcohol and tobacco consumption, aflotixin B1, obesity, etc [7] (Figure
1.1). HCC can occur after inflammation and fibrosis resulting in cirrhosis. It is among
the most aggressive cancers [7] and early diagnosis is very important in the effective
treatment of it [8].
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Figure 1.1 [9]. Mechanisms for Hepatocellular carcinogenesis



HCC has four stages including well differentiated, moderately differentiated, poorly
differentiated and undifferentiated tumors. The poorly differentiated cells gain
mesenchymal phenotype through Epithelial-to-Mesenchymal Transition (EMT) to
become more independent from the underlying tissue, with increased capacity to invade

and metastase [10].

HCC is the 5™ common cause of cancer related death. Many treatment strategies
including surgical resection, liver transplantation and radiation are used for cure; but
they are only efficient when the tumor is in the early stage. Most of the patients have
HCC in advanced stage due to the late diagnosis; and in that case the commonly used
treatment strategy is chemotherapy; to which HCC is generally resistant. This leads to

decreased treatment efficacy.
1.2 The Use of VA-CNTSs in HCC Diagnosis

Cancer is a devastating disease and responsible for high mortality rates [11]. The
aggressiveness of a cancer cell depends on its interaction with neighboring cellular
structure and the metastasis of these cells to distant organs is one of the main causes of
cancer mortality [12,13]. Hence, the factors that regulate the attachment of cancer cells
are one of the heavily studied areas of biology. Epithelial-to-Mesenchymal Transition
(EMT) is one of the processes that has important roles in the prevention of the adhesion
of cancer cells; leading to an increase in invasiveness and metastatic potentials [14].
Hence, the determination of the EMT status of a cancer cell during diagnosis is an

important step for the efficiency of the treatment.

1.2.1 Epithelial-to-Mesenchymal Transition (EMT)

During development, EMT is a normal physiological process that has critical roles in
embryogenesis. Epithelial and mesenchymal cells are two different cell types with
distinct cell morphologies and functions [14]. The cells with epithelial characteristic are
polarized and immobile; which are attached to each other and interact with basement

membrane. On the other hand, cells in mesenchymal phenotype lose their polarity to



become more migratory, invasive and resistant to apoptosis with distinct morphology,

protein expression and gene signatures.

EMT s the process which is initiated by several steps including; activation of
transcription factors such as Twist and Snail, expression of specific proteins and
microRNAs, reorganization of cytoskeleton and production of certain enzymes as a
result of which an epithelial cell gain mesenchymal characteristic (Figure 1.2). EMT and
the reverse process MET are required for several steps of embryogenesis including
mesoderman and endodermal mesenchyme formation. They are also essential for tissue

regeneration and organ fibrosis. [15,16]
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Figure 1.2 [15]: Epithelial-to-Mesenchymal Transition.

The cells undergoing EMT typically lose the expression of epithelial cell markers such
as E-cadherin, and gain mesenchymal marker expressions, like a-SMA, N-Cadherin,
vimentin and fibronectin [16]. (Figure 1.2)

Many in vivo studies have demonstrated that tumor cells can gain mesenchymal
phenotype by the activation of EMT-inducing transcription factors such as Sail, Slug,
ZEB1 and Twist. The tumors in early stage undergoing EMT process become aggressive
malignancies with the prevention of adhesion; leading to increased invasiveness,

metastasis and survival abilities [17,18] (Figure 1.3)
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Figure 1.3 [15]: Contribution of EMT to cancer progression.

1.2.2 Use of CNTs in Cancer Diagnosis

Based on their cellular responses, the nature and type of cancer cells can be
characterized. Novel strategies have been developed to classify and characterize the
stage of cancer cells. The nanostructured materials such as nanowires [19], metal
nanoparticles [20,21] and quantum dots [22] have been widely used both for cancer
treatment and diagnostic applications. Among these nanostructures, the recent advances
in the field of biomaterials have opened a new era for the use of CNTSs to figure out the
cellular interactions [23].

CNTs are single or multilayered cylindrical structures which consist of carbon
allotropes. They are widely used in biomaterial studies because of their unique electronic
and mechanical properties; which make them suitable tools for tumor imaging, gene and
drug delivery [2]. There are many studies reporting the use of CNTs as nanofibrous
scaffold for living cells [24-29]. Furthermore, the unique electronic, mechanical and
chemical properties bring CNTs forward out of other nanostructured materials as a
promising tool for the detection of different types of cancer cells (oral, prostate and lung
cancers) not only by taking advantage of functionalizing and binding specific markers
on CNTs [30-35] but also by deriving benefit from their rigid surface properties for
entrapping cancer cells [36,37].

1.3 The Use of Hydrogels in Cancer Treatment

Since chemotherapy and radiotherapy give damage to healthy tissues and cells, novel

treatment strategies are necessary to cure HCC more effectively with the aim of

™ { . e
0T NS N ey
L 2 % il Y
P i 2 y
VA
& £
& > > ’

MET



destroying only tumor cells without damaging the body tissues. [38-41] Recently,
various combinations of chemotherapeutic agents have been studied and some promising
results have been taken from phase Il studies of the combinational use of Doxorubicin,
5-fluorouracil, cisplatin and interferon Alfa. [42,43]

1.3.1 Doxorubicin

Doxorubicin (Dox) is isolated from Streptomyces peucetius var. Caesius cultures. As it
Is mentioned in the drug description, it is an anthracycline antibiotic which is cytotoxic
to cells. It is used as a compound with hydrochloride and the chemical compound is
5,12-Naphthacenedione, 10-[(3-amino-2,3,6-trideoxy-a-L-lyxo-hexopyranosyl)oxy]-
7,8,9,10-tetrahydro-6,8,11-trihydroxy-8-(hydroxylacetyl)-1-methoxy-, hydrochloride
(8S-cis)-. The structural formula is presented in Figure 1.4.

CH 2 COH
OH

C‘}“4NO oHCI
M.W.—579.99

1
!
0 HCI

Figure 1.4: The structural formula of Doxorubucin.

Dox interacts with nucleic acids and binds to cell membranes as well as plasma proteins.
Its cytotoxic effects are due to this nucleotide base intercalation, which inhibits DNA
replication and RNA transcription by preventing DNA and RNA polymerase activity
[44]. The binding of Dox to the cell membrane also has some effects on enzymatic
activity of the cells by generating free radical formation. This characteristic of Dox
make it cardiotoxic due to Cu(ll) and Fe(lll) reduction [45]. Due to these interactions,

Dox treatment results in morphological changes in cells, leading to apoptosis.



(http://dailymed.nlm.nih.gov/dailymed/lookup.cfm?setid=1fd148fb-0fbc-4b6f-b790-
23546fb46a71#nlm34089-3)

Although it is a promising drug for HCC treatment, Dox has many side effects, since it
is also toxic to normal tissues; which limits its clinical use. There are many studies to
overcome the side effects, including finding new delivery systems to directly target the
tumor cells. Once the toxicity of the drug to the normal cells is prevented, it is a
promising agent for HCC treatment due to its strong antitumor activity. The animal
studies also showed the effects of Dox activity on tumors, by inducing toxic effects [44].
Dox hydrochloride compound is approved by FDA as a safe and effective drug. The
nanoencapsulated form of the compound cannot be absorbed from the gastrointestinal
tract and is not stable in gastric acid, so iv administration was found to be the best way
for  cancer  treatment, for now[39] (http://  pubchem.ncbi.nim.nih.gov

/summary/summary.cgi? cid=31703&loc=ec_rcs).
1.3.2 Hydrogels and Cancer Treatment

Although many drugs are being used in the treatment of cancer, they have short half-
lives and therefore the efficacy of the therapy largely depends on the way that the drug is
administered. One approach to increase the duration of the in vivo effects of the drug is
the use of a delivery vehicle to load the drug. Hydrogel is such a biomaterial that allows

continuous drug release, increasing treatment efficacy. [46]

Hydrogels are insoluble, hydrophilic polymers that are able to absorb water in very large
amounts. They swell as they retain water and this property of hydrogels come from the
hydrophilic functional groups, network elasticity, porous structures that they have and
the cross-link density. [47] Recently, they have been investigated extensively; because
of their potential use in biomedical applications. Their similarity to soft tissues makes
them promising tools for drug delivery, clinical and plastic surgery, interventional
therapy, etc. [48,49]


http://dailymed.nlm.nih.gov/dailymed/lookup.cfm?setid=1fd148fb-0fbc-4b6f-b790-23546fb46a71#nlm34089-3
http://dailymed.nlm.nih.gov/dailymed/lookup.cfm?setid=1fd148fb-0fbc-4b6f-b790-23546fb46a71#nlm34089-3

Fully swollen hydrogels have very similar properties to living tissues; therefore they
have reduced irritation to the surrounding tissues. The hydrogel surface and body fluid
have low interfacial tension; which decreases protein adsorption and cell adhesion to the
surface, decreasing the probability of the stimulation of an immune response. In
addition, they can be modified by the addition of multiple drug molecules; which can be
administered for controlled release of drug; making them effective drug delivery
vehicles. Coupling anticancer drugs to hydrogels is a promising strategy due to their
good chemical stability and high biocompatibility. The toxic effects of free drug can be
reduced with the controlled release of it by hydrogel in the target area. The characteristic
of polymers provide enhanced drug residence time and tissue permeability, increasing
the treatment efficacy. In this system, the amount of drug needed is also decreased,
lowering the cost. [49,50]

Recently, several hydrogel-drug conjugates with the controlled drug release have been
developed. One of these conjugates that is being investigated extensively is the
hydrogels loaded with Dox. The highly toxic property of this drug damage normal tissue
and to prevent the possible side effects a controlled release of the drugs could be
provided by this hydrogel conjugate.



1.4 Subject and outline of the Thesis
1.4.1 The Use of VA-CNTs in HCC Diagnosis

HCC is a common cancer with high mortality rates, worldwide. Many treatment
strategies in HCC therapy are only efficient when the tumor is in the early stage.
However, most of the patients have HCC in advanced stage when diagnosed; due to the
late recognition; which leads to decreased treatment efficacy. [38-40] Thus, novel

strategies for diagnosis are necessary.

In this thesis, firstly, we have focused on a new approach to detect the invasiveness and
metastatic degree of cancer cells based on their EMT status, by using patterned VA-
CNTs as a potential diagnostic tool without any further surface functionalization. By
using this tool; EMT status of the tumor cells could be determined; which is an indicator
of the stage and aggressiveness of the tumor. This result could be assessed during
diagnosis to determine the most suitable therapy strategy according to the stage of the

tumor.

1.4.2 The Use of Hydrogels in Cancer Treatment

Recently, many studies have been performed with several classes of chemotherapeutics
and the efficacy of their use as single or combinational regimens as cancer therapy has
been assessed in great detail. However, due to high occurrence rates of many tumors and
their low response rates to the current treatments, novel strategies with increased
treatment efficacy remains to be determined. HCC is one of the most common cancer
type for which more efficient treatment strategies are needed to overcome the limitations

and side effects of the existing ones. [1,43,51]

In the thesis, secondly, we tested the antitumor effects of different formulations of
polymer hydrogels with continuous release of Dox on Snu398 human HCC line. The
results were evaluated by the comparison with the antitumor activity of drug free
counterparts of these hydrogels in the same conditions.



Chapter 2

Materials and Methods

2.1 Materials
2.1.1 Synthesis of VA-CNTs

VA-CNTs were prepared with Bilkent University, Department of Chemistry, Assist.
Prof. Dr. Erman Bengii’s group. They were grown by alcohol catalyzed chemical vapor
deposition (ACCVD) method on oxidized Si (100) surfaces as described before in a
previous study [26]. Sandwich catalyst layers (Al/Co/Al) were prepared for the growth
of VA-CNTs by using the electron beam and thermal evaporation techniques [26]. Si
substrates with the aforementioned layers were introduced into the ACCVD furnace for
the growth of VA-CNTSs through reduction and reaction steps using ethanol as a carbon
source at temperature of 625°C under flowing H, and Ar gases (20 sccm and 100 sccm,
respectively). After the growth, patterning was induced to the VA- CNTs by using a
dropper filled with deionized water. Following this step, 1ug/ul sterilized collagen
solution was added by a micropipette onto some of the patterned CNTs for every cm?
(approximately 10:1 weight ratio of collagen to CNT), resulting in two separate groups

of patterned CNT arrays; one non-coated and the other collagen coated.

10



2.1.2 Preparation of the Dox-releasing p(HPMA/PEG-MEMA)

hydrogel films formulation

The Dox-releasing hydrogels were prepared in Gazi University, Department of
Chemistry, by Prof. Dr. Giilay Bayramoglu. Here, the protocol used to prepare the
different formulations is explained briefly. The Poly(Hydroxypropyl methacrylate/
polyethylene glycole-methylether methacrylate) (p(HPMA/PEG-MEMA)) hydrogel
formulations in the film form were prepared using UV-induced redox polymerization
process. To test the effects of PEG chains length on the drug entrapment efficiency and
release rates, PEG-MEMA macromonomers with three different averages Mn (i.e., 300,
475, and 950) were used in the initial polymerization mixture, and here after the
formulations were referred to p(HPMA/PEG-300)X1, p(HPMA/PEG-475)X1, and
p(HPMA/PEG-950)X1, respectively. The monomer (hydroxypropyl methacrylate; 0.75
mL), macro-monomer (polyethylene glycole-methylether; methacrylate, 0.75 mL) cross-
linker (i.e., N,N-methylenebisacrylamide; 10 mg, it was donated by X), amonium
persulphate (5.0 mg), TEMED (10 uL from 10% solution w/v), absolute ethanol (0.5
mL) were transferred in phosphate buffer (1.0 mL, 50 mM, pH 7.0). To test the effects
of the cross-linker density on the film properties and drug-release efficiency in the initial
polymerization mixture, the amount of added BisAA were varied between 10 and 40 mg,
and the same amount macromonomer PEG-MEMA-300 was used as described above.
Here after, the formulations were referred as p(HPMA/PEG-300)X1 p(HPMA/PEG-
300)X2 p(HPMA/PEG-300)X3. These resulting mixtures were equilibrated at 4°C for
30 min in a thermostatic water bath. Each polymerization mixture was transferred in a
flat glass mould (internal diameter: 6.5 cm). After sealing, a nitrogen atmosphere was
created by purging nitrogen gas for 5 min, it was then exposed to UV radiation (TUW
series, Philips; UV-C, 254-nm short wave, 24 W, Ankara, Turkey) for 30 min. The
hydrogels obtained were cut into disks by means of a perforator (0.75 cm in diameter
and about 600 pum in thickness), and stored at 4°C in the same buffer until use. For the

preparation of drug-loaded formulations, Dox-HCI was supplied from Fresenius Ltd.,
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UK and it was added to the polymerization mixture in two different concentrations (0.25

or 0.5 mg/mL).
2.1.3 Cell Culture

We used two human HCC lines (Snul182 and HUHT7) in the first experimental part: The
use of VA-CNTs for HCC diagnosis. Snul82 is poorly differentiated and HUH7 is well
differentiated hepatocellular cancer cell line. For the second part; the use of hydrogels in
cancer treatment; we used Snu398 HCC line to test the effects of DOX-releasing
hydrogels. Snu182 and SNU398 cells were cultured in RPMI medium (LONZA). HUH7
cells were cultured in DMEM medium (LONZA). Both mediums were supplemented
with 10% fetal bovine serum, 1% non-essential amino acids and 1%

Penicillin/Streptomycin antibiotic.

2.1.4 Standard Buffers and Solutions

Ingredients of the standard solutions and buffers mentioned throughout the Materials and

Methods section is given in the Appendix Section.

2.2 Methods

2.2.1 Total RNA isolation

When the cells were 80-90% confluent, they were trypsinated at 37°C for 3-5 minutes.
After the inhibition of the trypsin with the appropriate media, the cells were centrifuged
at 1500 rpm for 3 minutes. Total RNAs were extracted from the precipitate according to
the manufacturer’s protocol of NucleoSpin RNA II Kit (MN Macherey-Nagel, Duren,
Germany). NanoDrop ND-1000 (NanoDrop Technologies, USA) was used to measure
the concentrations and the OD260 and OD280 values of the RNA samples.

12



2.2.2 Synthesis of cDNAs

ProtoScript M-MuLV First Strand cDNA Synthesis Kit (New England Biolabs) was

used to prepare cDNAs from the isolated total RNA samples according to the

manufacturer’s protocol. 2 ug RNA was used for each reaction with a total volume of 40

ul.

2.2.3 Reverse Transcriptase Polymerase Chain Reaction (RT-

PCR)

Primers were designed by using the online Primer3 v.0.4.0 (http://frodo.wi.mit.edu

/primer3/) and NCBI primer BLAST tools (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/). The amplifications were performed using Tag DNA Polymerase with Standart

Taq (Mg-free) Buffer kit (New England, BiolLabs) according to the manufacturer’s

protocol. The primers and product sizes were listed in Table 2.1.

Table 2.1: Primers used in RT-PCR

Gene Name | Product Forward Primer (5°-3°) Reverse Primer (5°-3°) ™
Size °C

E-Cadherin 119 GACTCGTAACGACGTTGCAC GGTCAGTATCAGCCGCTTTC 60
Vimentin 110 GCAGGAGGAGATGCTTCAGA ATTCCACTTTGCGTTCAAGG 60
Fibronectin 108 AATATCTCGGTGCCATTTGC CAGTAGTGCCTTCGGGACTG 60
a-SMA 165 TATCAGGGGGCACCACTATG GCTGGAAGGTGGACAGAGAG 60
N-Cadherin 139 TCCAGACCCCAATTCAATTAATATTAC AAAATCACCATTAAGCCGAGTGA 60
Slug 159 CTTTTTCTTGCCCTCACTGC AGCAGCCAGATTCCTCATGT 60
Twistl 201 GGAGTCCGCAGTCTTACGAG TCTGGAGGACCTGGTAGAGG 60
SIP1 132 TGTAGATGGTCCAGAAGAAATGAA TTGGCAAAGTATTCCTCAAAATCT 60
GAPDH 119 GGCTGAGAACGGGAAGCTTGTCAT CAGCCTTCTCCATGGTGGTGAAGA 60

The content of the reaction mixture that was used in RT-PCR is shown in Table 2.2.
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Table 2.2: The contents of the reaction mixture

Ingredients Volume (ul)

cDNA 1

10x Taq Reaction Buffer 2.5
10 mM dNTP 0.5

50 mM MgCl, 1.5
Forward Primer 1
Reverse Primer 1

Taq Polymerase 0.2

ddH,0 17.3

Total 25

The conditions for the RT-PCR was common for all of the primers and it is shown in

Table 2.3.

Table 2.3: The steps of the RT-PCR

Step Temperature °C Duration Cycles
Initial Denaturation 94 30 sec.
Denaturation 94 30 sec.
Annealing 60 30 sec. 30 cycles
Extension 68 30 sec.
Final Extension 68 5 min.

2.2.4 Agarose Gel Electrophoresis

1.5% agarose gel was prepared in 1LXTAE Buffer and ethidium bromide (30ng/mL) was

added into the solution. 6X Agarose Gel Loading Dye was used to prepare the samples

with the final concentration of 1X and they were loaded on gel to be ran at 100 V for 30




minutes. 100 bp Gene Ruler DNA Ladder Mix was used as marker. Transiluminator was

used for visualization and the gel photos were taken with ChemiCap software.
2.2.5 Imaging of the Cells on VA-CNTSs

The VA-CNTSs were placed in 6-well plates. 3x10° cells of each cell line were culture on
each well in 3 ml medium. A negative control group with VA-CNT excluding any
cultured cells was also prepared. At the 3" day of cell culture, the cells were washed
with PBS and prepared for imaging by scanning electron microscope (SEM) at low

vacuum mode (40 bar) and accelerating voltage of 10 kV.
2.2.6 Determination of Cell Proliferation Rates on VA-CNTSs

The VA-CNTSs were placed in 96-well plates in triplicates. 10* cancer cells of each type
were cultured on each well in 100 ul medium. Roche® Cell Proliferation Kit I (MTT)
was used to perform the assay and all the steps were done according to the
manufacturer’s protocol. At the 3 day of culturing, 10 pl/well MTT Labeling Reagent
was added. After a 4-hour-incubation in a humidified incubator, 100 pl/well
Solubilization Solution was added and the samples were left for incubation in
humidified incubator, O/N. The readings were done by using an ELISA reader at the
wavelength value of 551 nm.

For the calculations, the average value of background group readings was subtracted
from all of the sample readings. The average value of control group readings were taken
as 100% cell proliferation and the percentage of cell proliferation of each cell on the

VA-CNTSs were calculated by direct proportion.
2.2.7 Antitumor activity of Dox loaded hydrogel formulations

The different Dox-relasing hydrogel formulations and their counterparts without drug
release were placed in 24-well plates in triplicates. 3x10* SNU398 cells were cultured on

each well in 1.0 mL medium. Control group with 3x10* cells cultured directly without
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any hydrogel was also included. The medium was changed at day 3 and cell counting

was performed at day 6 with a hemocytometer after trypsinization.
2.2.8 Cytotoxicity of biomolecules on cells

The VA-CNTs and polymer hydrogels were placed in 96-well plates in triplicates. 2x10°
cancer cells of each type were cultured on wells in 200 ul medium. LDH Cytotoxicity
Detection Kit (Clontech®) was used to measure the cytotoxicity according to the
manufacturer’s protocol. Two control groups, high control (HC) and low control (LC)
were also included, in which the cells were cultured directly on bare plate surface. In the
LC group, 200 pl medium was added onto the cells in order to test the minimum
cytotoxicity, while in the HC group 1% Triton-X was added into the medium to test the
maximum cytotoxicity value for each cell line. The readings were performed by using an
ELISA reader at the wavelength value of 490 nm. For the calculations, the average value

of background group readings was subtracted from all of the sample readings.

2.2.9 Controlled release studies of Dox from the hydrogel film

formulations

The in vitro release studies were conducted in Gazi University, Department of
Chemistry, by Prof. Dr. Giilay Bayramoglu, in a continuous flow system with constant
stirring. Here, the protocol is explained briefly. Dox-loaded five different hydrogel
formulations (0.5 g) were placed in the continuous flow drug-release cell, and a
physiological buffer solution (pH 7.4) was introduced through the bottom inlet port of
the flow cell at a flow rate of 10 mL/h at 37°C with a peristaltic pump (model IPC,
Ismatec, Diisseldorf, Germany). The effluent was collected at predetermined time
intervals, and the released Dox (at a maximum wavelength of 490 nm) was determined
spectrophotometrically (model 1601, Shimadzu). The analyzed solution was added back
to the collected dissolution media to maintain a constant volume. To study the effect of
the Dox loading on the release rate, similar procedures were followed for 0.5, and 1.0

mg/mL drug-loaded samples. All experiments were repeated three times to minimize the
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error variation. Therefore, the data presented in the graphs show the average values of
three experiments. The model drug concentration in the collected dissolution medium

was calculated with a calibration curve obtained from samples of known concentrations.
2.2.10 Statistical Analysis

All the results were analyzed with ANOVA. Minitab® 15 Statistical Software was used
to make multiple comparisons of control to experimental groups. All the comparisons
were performed using Fisher’s test with 95% confidential interval. The graphs were

drawn by the usage of GraphPad® program.
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Chapter 3

Results

3.1 The Use of CNTs in Cancer Diagnosis

3.1.1 Preparation of VA-CNTSs

VA-CNTs were synthesized through ACCVD method on Si substrates using sandwich
catalyst design (Al/Co/Al) as reported in a previous study [26]. They were observed
under SEM and the side view of the images revealed that the height of the CNTs were
10 um whereas the average diameters of the CNTs were around 10 nm, which was
shown by TEM analysis (Figure 3.1a). Before the cell culturing step on CNTs, we
created asperities on VA-CNTS for the growth. This patterning step was induced by
dropping deionized water on these surfaces. As a result of water contact, some of the
aligned CNTs were collapsed which were surrounded by standing CNTs; forming
cavities (Figure 3.1b). The average width of these cavities was measured as 10 pm. The
mechanism behind the formation of self-assembled patterning is based on the elasto-
capillary effect and hydrophobic property of aligned CNTs [26,52]. Following
aforementioned patterning process, patterned CNTs were either treated with collagen or
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not. The experimental design of patterning was shown in Figure 3.1c. We generated two

surfaces designated as patterned non-coated and collagen coated CNT surfaces.

(c) VA-CNTs after ACCVD

patterning process

non-coated patterned CNTs

collagen coated patterned CNTs

Figure 3.1: (a) Side view SEM images of VA-CNTSs. Inset shows TEM image of CNTs.
(b) Top view SEM image of patterned CNT surface with the inset showing a high
magnified image from the side of pockets. (c) Schematic representation of CNT surfaces
after patterning and collagen coating.

3.1.2 EMT Marker Expressions of HCC

The EMT marker expression profiles of two HCC lines; HUH7 and Snul82 were
monitored at mMRNA level (Figure 3.2). Our RT-PCR results showed that SNU182 cell

line was positive for the expression of all of the mesenchymal markers tested; except
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SIP1 (Vimentin, Fibronectin, a-Sma, N-Cad, Slug, Twistl). In contrary to SNU182, only
two of the tested mesenchymal markers (Vimentin and N-Cad) were expressed in HUH7
cells. Hence the expression profiles of these cell lines confirmed that SNU182 cells are
poorly differentiated whereas HUH7 cells are well differentiated HCC cell line [10]. In
parallel to previous reports, these results also indicated that HUH7 had a more epithelial

characteristic compared to SNU182 cells [10].

HUH7 SNU182
E-Cad £ p—
Vimentin .-
Fibronectin

Figure 3.2: EMT expressions of HUH7 and SNU182 cell lines at m-RNA level.
3.1.3 Proliferation and attachment of HCCs on patterned CNTs

After the CNT surfaces were modified and sterilized by UV for one hour, poor
(SNU182) and well (HUH7) differentiated HCC s were cultured on both non-coated and

collagen coated patterned CNT surfaces. The cells were incubated for 3 days on the
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patterned CNT surfaces and at the 3 day of culture, low vacuum SEM imaging was
performed to assess the relationship between their differentiation levels and attachment
ability both on collagen coated and non-coated patterned CNT surfaces (figure 3.3). In
order to compare the number of attached cells on patterned CNTs, we counted the
attached cells under SEM and calculated the average areal cell density by dividing the
total cell number on the surface to total surface area. The density plot given in Figure
3.3e indicates that the average attached cell number for well differentiated HUH7 cells
were higher than the number of attached poor differentiated Snul82 cells on CNT
surfaces. The difference between the areal density of well and poor differentiated cells
was statistically significant. This suggests that patterned CNT surfaces could be used as
tools for the definition of the differentiation level and EMT status of HCCs by taking
advantage of the difference in the attachment rates.
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Figure 3.3: Low vacuum SEM images of HUH7 and SNU182 cancer cells after seeded

and cultured for 3 days on (a,c) collagen coated and (b,d) non-coated patterned CNT
surfaces, respectively.

In many studies, collagen is used as a coat in cell culture systems [53]. In our study,
collagen was used as a coating on patterned CNTSs instead of composite usage where a

significant effect was observed. The number of well differentiated cells on non-coated
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patterned CNTs was comparably higher than the ones on collagen coated surfaces.
Contrarily, there was no significant effect of collagen coating for poor differentiated
cells (Figure 3.3e). It is already well known that surface topography has great effects on
the attachment abilities of cells [54]. Since collagen coating would smoothen the
patterned CNT surfaces by infiltrating and filling the voids between each CNT, the
addition of collagen results in decreased surface area as it was shown in Figure 3.4.
Thereby, less surface area that is available for cell attachment would result in less
number of cell attachment and growth on collagen coated surfaces. Our results suggest
that the difference in the attachment ability of poor and well differentiated HCC lines on
non-coated CNT surfaces could be used for evaluating the differentiation level and thus

aggressiveness of HCC lines.

\- Maﬁ .

Figure 3.4: High vacuum SEM image of a collagen coated patterned CNT surface.

In addition to the imaging of the attached cells on patterned CNT surfaces, we
performed MTT assay to measure the viability of the two cell lines on both non-coated
and collagen coated patterned CNT surfaces (Figure 3.5). It is important to note that the
reading of control group was obtained from cells on 96-well culture plates excluding
CNT surfaces. Although cell viabilities for both cell lines decrease when compared to
the control, our results showed that the viability of HUH7 cells were more on non-coated
patterned CNTs when compared to the viability of SNU182 (Figure 3.5) and the
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difference was statistically significant. Thus, our MTT data, together with the SEM
images and the areal density data revealed that the proliferation and attachment rate of
HUH?7 is more than Snul82 on patterned CNT surfaces, making CNT a promising tool
for the evaluation of the differentiation level of the tumor.
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Figure 3.5: MTT assay of cancer cells on non-coated and collagen coated CNT surfaces.

Control group represent the case where there is no CNT surface.

Toxicity of CNTs has been a controversial issue for researchers since there are
conflicting reports on their toxicity [55-57]. Therefore, in order to investigate the
cytotoxic effect of patterned CNT surfaces on HCC lines we performed LDH
cytotoxicity analysis both on collagen coated and non-coated patterned CNTs (Figure
3.6). In LDH test, two control groups were used; low control (LC) and high control (HC)
in which HCCs were seeded directly on bare plate surfaces. LC group shows the
minimum LDH release while HC represents the maximum release. The closer the
absorbance readings of the samples to HC, the more cytotoxic the conditions are for that
sample. Our LDH results clearly showed that HUH7 and SNU182 cell lines have

minimum LDH release when cultured both on the non-coated and coated patterned
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CNTs. This result indicates that CNTs are not cytotoxic for these HCC lines when used
as surfaces for the attachment of the cells. This data also suggests that the difference in
the attachment rates of the two cell lines are due to difference in cells’ interaction
characteristics with CNT surfaces; not because of the cytotoxic effects of the CNT
surfaces. Therefore, the WD HCC line, HUH7 has greater tendency to attach on CNT
surface when compared to the PD HCC line Snul82.

HUH7 SNU182

Absorbance
(OD490nm=ODg20nm)

Patterned CNT surfaces

Figure 3.6: LDH assay of cancer cells on non-coated and collagen coated CNT surfaces.
Low control (LC) and high control (HC) groups represent the case where there is no

CNT surface.

3.2 The Use of Hydrogels in Treatment of Cancer

3.2.1 The characteristics of the Dox-releasing hydrogels

We used Dox-releasing and Dox-free hydrogel networks consisting of
poly(hydroxypropyl methacrylate, and polyethylene glycole-methylether methacrylate)
with five different PEG chain length and crosslinker amount combinations to investigate
the effects of the drug release on the proliferation of Snu398 human HCC line. Two

different concentrations (I11: 1.0 mg/ml and 12: 0.5 mg/ml) of drug were used to load the
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hydrogels. The preparation and characterization of them were done by Prof. Dr. Giilay
Bayramoglu, as mentioned in Materials and Methods section. For the characterization of
the hydrogels FTIR, SEM, swelling, permeability and contact angle studies were
performed. In these studies, five formulations; p(HPMA/PEG-300)X1, p(HPMA/PEG—
475)X1, p(HPMA/PEG-950)X1, p(HPMA/PEG-300)X2, and p(HPMA/PEG-300)X3

were used as the most effective drug release systems.

The entrapment efficiency (%) of a drug depends on the type of matrix material,
entrapment method of the drug and the polymer networks preparation conditions. In this
study, it was shown that the drug-loading efficiency of the hydrogel film formulations
depend on the PEG chain length and crosslinker density of the formulations (Table 3.1).
The permeability to Dox was found to be increased as the PEG chain lengths in the
hydrogel formulations increased due to the higher hydrophilicity of the hydrogel. As
seen in Table 3.1 the p(HPMA/PEG-950)X1 formulation had the highest PEG chain
length and therefore had a substantially higher water content and a permeability to Dox;
while this permeability decreases as the length of PEG chain decrease to 300 from 950.
Additionally, as the crosslinker density increased from X1 to X3, Dox-loading efficiency

of the hydrogel formulations increased and the drug release rate decreased.

In the same study, by the protein adsorption tests, it was shown that the increase in the
PEG chain lengths create pulsive force against the negatively charged blood proteins
resulting in the reduction in the adsorbed protein amounts. This characteristic of the
hydrogel formulations make them suitable tools to deliver drugs with minimum protein

adsorption.
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Table 3.1: Formulation of hydrogels and their density, water content, permeability

to Dox and drug loading efficiencies.

Monomer ratio Cross- Density Water  Permeability to Drug
) ] 3 content doxorubicin loading
Hydrogel formulations HPMA/PEG- linker (g/cm?) efficiency
MEMA (%)  (cm?sx10%) (%)
(umolL)
(mmoL/mmoL)
p(HPMA/PEG-950)X1 5.55/0.80 6.5 1.036 579 91.36 75
p(HPMA/PEG-475)X1 5.55/1.71 6.5 1.089 433 79.64 81
p(HPMA/PEG-300)X1 5.55/2.63 6.5 1.103 171 32.83 84
p(HPMA/PEG-300)X2 5.55/2.63 12.7 1.158 107 19.81 86
p(HPMA/PEG-300)X3 5.55/2.63 19.2 1.176 77 12.35 89
3.2.2 In vitro Dox-release studies

Drug release from hydrogel matrices is affected by many factors, such as their swelling
properties, network porosity, and the erosion of the hydrogel matrix, as well as drug—
polymer interactions (REF). In this study, the effects of the PEG chain length of the
macromonomer (i.e., PEG-MEMA), cross-linker density and the amount of loaded drug
on the Dox release were studied in a continuous drug release system. The Kinetics of
drug release from p(HPMA/PEG-MEMA) formulations were also analyzed. The effect
of the PEG chain length of the macromonomer on the Dox release kinetics for the
p(HPMA/PEG-300)X1,  p(HPMA/PEG-475)X1, and  p(HPMA/PEG-950)X1
formulations are presented in Figure 3.7. The release profiles indicate that the amount of

Dox released and the rate of the release increased when the PEG chain length of the
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hydrogel increased. The p(HPMA/PEG-300)X1 hydrogel films showed 60.3% release,
whereas the p(HPMA/PEG-475)X1 and p(HPMA/PEG-950)X1 hydrogel films showed
85.4 and 98.3% release, respectively at 37°C and 480 min with 1.0 mg/mL Dox loading
(Figure 3.7B). These results should be attributed to the more hydrophilic nature of the
p(HPMA/PEG-950)X1 hydrogel formulations (Table 3.1).

[ERDN 100 ;1 B)
60 -
80 -
50 4
S <
o 40 - = 60 -
wn [}
B 30 - %
E % 40 A
20 N + D:
p(HPMA/PEG-300)X1 =0=—p(HPMA/PEG-300)X 1
10 —B—p(HPMA/PEG-475)X1 20 —B—p(HPMA/PEG-475)X1
=== (HPMA/PEG-950)X 1 —#—p(HPMA/PEG-950)X 1
O T T T T 1 0 T T T T 1
0 100 200 300 400 500 0O 100 200 300 400 500
Time (min) Time (min)

Figure 3.7: The effect of the PEG chains length of the macromonomer on the Dox
release kinetics for the p(HPMA/PEG-300)X1, p(HPMA/PEG-475)X1, and
p(HPMA/PEG-950)X1 at 0.5 mg/mL and (B) 1.0 mg/mL drug loading

The release profiles of Dox in p(HPMA/PEG-300)X1, p(HPMA/PEG-300)X2, and
p(HPMA/PEG—-300)X3 hydrogel formulations, cross-linked with different ratios of
BisAA, are shown in Figure 3.8. It showed that the release rate of Dox for the
p(HPMA/PEG-300)X1 hydrogel formulation was higher and faster than those for the
p(HPMA/PEG-300)X2 and p(HPMA/PEG-300)X3 formulations. This was due to the
lower cross-linking density and higher swelling ratio of p(HPMA/PEG-300)X1. Figure
3.8 shows the cumulative Dox release profiles for the hydrogel formulations. The
p(HPMA/PEG-300)X1 hydrogel films showed 60.3% release, whereas the
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p(HPMA/PEG-300)X2 and p(HPMA/PEG-300)X3 hydrogel films showed 53.2 and
43.1% release, respectively, at 37°C and 480 min with 1.0 mg/mL Dox loading. The
initial release rate of the drug from the hydrogels was rapid, and this initial fast release
may be attributed to the rapid diffusion of Dox that was loaded close to the surface of

the hydrogels. Later on, the drug was released more slowly from the hydrogels.
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Figure 3.8: The effect of the cross-linker density on the Dox release kinetics for the
p(HPMA/PEG-300)X1, p(HPMA/PEG-300)X2, and p(HPMA/PEG-300)X3 at 0.5
mg/mL and (B) 1.0 mg/mL drug loading.

The hydrogel formulations had similar release profiles, despite different Dox contents.
This indicates that at a lower drug concentration, most of the drug molecules remained
bound to the polymeric chains of the hydrogels, whereas at a higher drug concentration,
the percentage of unbound drug molecules increased in the polymer networks. The
maximum Dox release for the p(HPMA/PEG-950)X1 hydrogel formulation with
different drug amounts loaded (0.5 and 1.0 mg/mL) was determined to be 61.3 and
98.3% after 480 min, respectively. Dox is freely soluble in a physiological phosphate
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buffer (pH 7.4); as a result, the rate of depletion of the drug in the polymer at a high

concentration was faster than at a low concentration.

3.2.3 The effects of drug releasing hydrogels on the proliferation

features of cancer cells

After the hydrogel formulations were sterilized by UV for 1 hour, Snu398 cells were
seeded on 24-well plates and all formulations of hydrogels, including counterparts
without drug release were added into the wells. The Snu398 cells were trypsinized and
counted at the 6™ day of culture by hemocytometer. Graphs showing the cell numbers
were drawn to assess the relationship between the drug release and proliferation features

of the HCC in the absence and presence of Dox (Figure 3.9).

Our results showed that the number of Snu398 cells was decreased, significantly, when
they were cultured in the presence of all five Dox-releasing hydrogel formulations
(Figure 3.9). We did not see any significant difference in the cell numbers in the
presence of the two different concentrations of Dox (11 and 12). The hydrogels alone
were found to have no effects on the cell proliferations when there is no drug release. It
is important to note that at Day 0, 3x10” cells were seeded on each well and the control
group was excluding hydrogels. At the 6™ date of the culture, the increase in the cell
number of the control group was 30 fold higher. Similar increase in the cell numbers
were detected when the counterparts of the formulations without drug release were
present. In addition, Dox release decreased the proliferation of Snu398 cells up to 90
fold for all formulations. These results indicate that Dox-releasing hydrogels prevent the
proliferation of Snu398 cells, in vitro and can be used as a promising strategy to treat
HCC.
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Figure 3.9: The cell numbers of Snu398 cells in the presence of different formulation of
Dox releasing hydrogels, counted at the 6™ day of culture. DO represents the initial
number of cells seeded at the 1% day and the control group represents the cell numbers at

Day 6 where hydrogels were excluded.
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In order to investigate the cytotoxic effects of the drug-releasing hydrogels and their
counterparts without drug release on the HCC line, we performed LDH cytotoxicity
analysis (Figure 3.10). In LDH test, two control groups were used as it was explained in
the first part; LC and HC in which HCCs were seeded on bare plate surfaces. The closer
the absorbance readings of the samples to HC, the more cytotoxic the conditions are for
that sample. Our LDH results clearly showed that, the drug-free counterparts of all
hydrogel formulations were not cytotoxic to Snu398 cells since the absorbance values
were very similar to the LC. In addition, the cytotoxicity of most of the formulations
were increased when they were loaded with Dox and 1 mg/ml (I11) Dox-loaded
p(HPMA/PEG-300)X3 formulation was found to be the most cytotoxic hydrogel to the
cells. This data, together with the cell number analysis show that the usage of Dox-
releasing hydrogels has cytotoxic effects on Snu398 cells as a result of which cell

proliferation is inhibited.
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Figure 3.10: LDH assay of Snu398 cells in the presence of different formulation of Dox
releasing hydrogels. Low control (LC) and high control (HC) groups represent the case
where there is no hydrogel.
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Chapter 4

Discussion

Biomaterials have been studied extensively for their biomedical applications including
cancer research. The biocompatibility and safety of these materials make them
promising tools for the cancer therapy and diagnosis. Previous studies showed the usage
of different biomaterials in targeted drug delivery[58], gene delivery[59] and tumor
imaging[60]; resulting in increased treatment and diagnostic efficacies. Among these
biomaterials, CNTs and polymer hydrogels have gained great importance due to their

unique physical, electrical and chemical properties [2-4].

CNTs have gained considerable attention in biomaterial studies for their applications in
tumor imaging, gene and drug delivery[2]. In many studies CNTs were used as
nanofiber scaffolds for living cells by mimicking the collagen network in connective
tissues and designing them with similar structure to native extracellular matrix (ECM)**~
2954 By binding specific markers on CNTSs, researchers were able to detect various types
of cancer cells such as lung and prostate cancer[30-35]. Furthermore, in a previous
study, CNTs were used as arrays to differentially entrap colon cancer cells with two

different metastatic grades by taking advantage of their rigid surface properties. It was
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reported that higher metastatic cancer cells entrapped more compared to the lower
metastatic ones and this was explained by the morphology differences of cells at
different grades [36]. Moreover, by the same group, it was shown that biosensors made
of VA-CNTSs could be used for the detection of cancer by entrapping them on VA-CNTs
[37]. However, in these studies, only the difference in deformability properties of cancer
cells with different metastatic grades was taken into consideration. Until the current
study, there was not any study that examined the differential attachment features of
cancer cells with different EMT status on CNTSs.

In this study, firstly, we examined the difference in attachment of HCC lines with
different EMT status on patterned CNT surfaces to find out a facile way to differentiate
the cells according to their aggressiveness. Two cell lines HUH7 and Snul82 were used.
The EMT marker expression results revealed that HUH7 had a more epithelial
characteristic compared to SNU182 cells, which were in mesenchymal phenotype.
Regarding to our SEM and MTT results well differentiated HUH7 cells attached more
both on collagen coated and non-coated patterned CNT surfaces than the poor
differentiated SNU182 cells. This suggest that the difference in the attachment ability of
poor and well differentiated HCC lines on patterned CNT surfaces could be used for
evaluating the differentiation level and thus aggressiveness of HCC lines making them

promising diagnostic tools.

There are many conflicting results on the toxic effects of CNTs to cells[62]. Many
studies state that they do not have any cytotoxic effects[25,56]. Yet, relatively few
studies report the health hazards that might be related to these biomaterials[55,63].
According to these studies, CNTs cause cell damage, genotoxicity and carcinogenicity
due to their effects on cell signaling, membrane perturbation and the production of
cytokines, chemokines and reactive oxygen species (ROS), hence, decreasing cell
viability[64]. These cytotoxic effects were found to depend on the presence of large
amounts of catalysts such as Co and Fe, which can generate ROS in cellular

environments [63,64]. Nevertheless, CNTs can be in variety of forms with difference in
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their surface chemistries, processing methods, lengths, diameters, contaminants, and

more and all of these variations affect the cytotoxicity of these materials[63].

In the current study, in order to test the cytotoxic effect of patterned CNT surfaces on
HCC lines we performed LDH cytotoxicity analysis. LDH is normally a cytoplasmic
enzyme and it is not secreted outside of the cells. However, upon damage to the cell
membrane, LDH leaks out. By using the LDH cytotoxicity analysis, it is possible to
measure the release of LDH from cells based on a colorimetric quantitation. According
to our results, CNTs were found to have no cytotoxic effects on the attached cells.
Therefore, it can be concluded that CNTs are not cytotoxic to the cells when used as
surfaces for the attachment of the cancer cells as explained in this study. Moreover, the
difference in the attachment features of the WD and PD HCC lines are not due to any
possible cytotoxic effect of CNTSs, preventing the attachment of cells. It was the result of
the difference in the cells own interaction characteristics with CNTs and this makes
CNTs promising tools to differentiate HCC according to their EMT status by taking

advantage of the difference in their attachment features.

Recently, there are many potent drugs which are used in the treatment of HCC.
However, the efficacies of them are constrained by their side effects, limited cellular
entry and drug resistance. Most of the drugs also have very short half-lives under
physiological conditions. Because of these reasons the efficacy of a cancer therapy
largely depends on the way that the drug is administered and it is important to develop
efficient delivery systems to enhance cellular uptake and decrease any possible harm

given to normal body tissues[46].

One of the novel approaches to increase the duration of the in vivo effects of the drug is
to use vehicles for the drug delivery. Polymer hydrogel is such a biomaterial that allows
continuous drug release in the target area, increasing treatment efficacy and decreasing
side effects[46]. Recently, research on hydrogels have gain great importance; because
of their potential use in biomedical applications, especially in drug delivery, clinical and

plastic surgery, interventional therapy, and more[48,49]. They are reported to have very
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similar properties to living tissues and this prevents the recognition of the material as
foreign by body, reducing irritation to the normal tissues. In addition, they are designed
to keep the protein adsorption and cell adhesion in minimum level, which inhibits any
possible harm given to the normal cells. Because of their high biocompatibility and
stability, they could be coupled with anticancer drugs to use them as drug delivery
vehicles. With this system, many studies showed that toxicity of free drug can be

reduced because of the controlled release of it in the target area.[49,50]

Numerous hydrogel-drug formulations have been developed for controlled release of
active ingredient over time. Poly(hydroxypropyl methacrylate), p(HPMA) and its
copolymer hydrogels have found extensive applications in the biomedical field because
of their good chemical stability and high biocompatibility. Poly(ethylene glycol) (PEG)
Is a water-soluble, nontoxic, and non-immunogenic polymer. Hydrogels containing PEG
are interesting biomaterials because they exhibit low degrees of protein adsorption and

cell adhesion.

In this study, secondly, we used different formulations of p(HPMA/PEG-MEMA)
hydrogels with Dox release and tested the effects of the drug on the proliferation of HCC
to propose the usage of this biomaterial as novel way in drug administration. The amino
groups of Dox are positively charged at pH 7.4 and the Lewis acid groups (y’) of the
PEG molecules have partially negative charge. Thus, in this hydrogel system, polymer
and drug can interact electrostatically at pH 7.4. Snu398 was used as the HCC line. Our
results clearly show that release of Dox significantly decreased the proliferation of HCC
when compared to the cell proliferations in the presence of hydrogels without drug-
release. These results suggest the usage of hydrogels in HCC treatment. Further, by
LDH cytotoxicity assay, the cytotoxic effects of the different formulations of Dox
releasing hydrogels and their counterparts without drug release on Snu398 cells were
tested. Our results showed that the hydrogels without any drug release were not
cytotoxic to HCC, as it was expected. However, the cytotoxicity of the formulations

were increased significantly when they were loaded with Dox and p(HPMA/PEG-
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300)X3 was found to be the most cytotoxic hydrogel. Overall, these results indicate that
Dox- releasing p(HPMA/PEG-300)X3 formulation was found to be the most effective
formulation among the five formulations due to their significant cytotoxic effects and
the inhibition of the proliferation of cells.

The proposed novel administrative strategy is promising for the treatment of HCC due to
the controlled drug release, which will increase the drug residence time leading to more
efficient therapy. The amount of drug needed for the therapy is decreased and this
lowers the cost. It is possible to place these hydrogels near tumor cells which will
decrease the damage given to the normal body tissues, inhibiting the possibility of side

effects.

Overall, in this study, it was shown that patterned CNT surfaces are promising
diagnostic tools for the determination of the EMT status and therefore the
aggressiveness of tumors, which may be useful for the early detection and
characterization of tumors. It was also shown that Dox-loaded hydrogels could be used
in the treatment of HCC, with increased efficacy and decreased side effects.
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Chapter 5

Future Perspective

In order to better understand the difference in the attachment features of tumor cells
according to their aggressiveness on CNTs, first of all, usage of more HCC lines with
different epithelial and mesenchymal phenotypes could be very informative to see
whether the difference in the attachment rates of WD and PD cells is also true for other
cell lines. Once it is tested, primary tumor cells acquired from patients could be
examined for their attachment behaviors on CNTs, which could be an important data

since it would represent a better experimental model for tumor behavior.

For the examination of the effects of drug-releasing hydrogels on HCC, the usage of
additional cell lines and primary tumor cells could also be necessary. Further, in vivo
protocols should be used. HCC mouse models would be suitable for this step. By placing
the hydrogel in the tumor area, the effects of drug release on the tumor size and the
overall survival of the organism could be tested which would give a better idea about the

efficacy of this administration method in the cancer treatment.

Once the efficiencies of each biomaterial in cancer diagnosis and treatment of HCC is

further proved by these experimental steps, they could also be modified for other cancer
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types. These modifications could include preparation of different patterns on CNTs with
increased capability to differentiate the tumor cells according to EMT status, the trial of
different formulations of hydrogels to optimize the effects according to the tissue type
and the usage of other drug conjugates.

Therefore, the final application of these biomaterials would be as follows: During the
diagnosis of a HCC patient, pathological sample would be taken from the tumor by
biopsy. Some of these tumor cells would be cultured on CNTs which would be designed
as chips to determine the EMT status and aggressiveness of the tumor cells. By
evaluating the attachment features of the tumor cells on these chips, the aggressiveness
of the tumor would be determined. This information would be used to choose the most
appropriate therapy strategy for increased treatment efficacy. During the treatment of a
HCC patient, Dox-releasing hydrogels would be placed directly to the tumor area. Dox
release would kill the cancer cells in that target area, which would decrease the side

effects of the drug and increase the treatment efficacy.

40



References

Siegel R, Desantis C, Virgo K, Stein K, Mariotto A, Smith T, et al. Cancer
Treatment and Survivorship Statistics , 2012. A Cancer Journal for Clinicians.
2012;62:220-41.

Ahmed N, Fessi H, Elaissari A. Theranostic applications of nanoparticles in
cancer. Drug discovery today. Elsevier Ltd; 2012 Sep;17(17-18):928-34.

Kamaly N, Xiao Z, Valencia PM, Radovic-Moreno AF, Farokhzad OC. Targeted
polymeric therapeutic nanoparticles: design, development and clinical translation.
Chemical Society reviews. 2012 Apr 7;41(7):2971-3010.

Huang Y, He S, Cao W, Cai K, Liang X-J. Biomedical nanomaterials for
imaging-guided cancer therapy. Nanoscale. 2012 Oct 21;4(20):6135-49.

Hutmacher DW. Biomaterials offer cancer research the third dimension. Nature
materials. Nature Publishing Group; 2010 Mar;9(2):90-3.

Choi KY, Liu G, Lee S, Chen X. Theranostic nanoplatforms for simultaneous
cancer imaging and therapy: current approaches and future perspectives.
Nanoscale. 2012 Jan 21;4(2):330-42.

Chiappini F. Circulating tumor cells measurements in hepatocellular carcinoma.
International journal of hepatology. 2012 Jan;2012.

Witjes CDM, Van Aalten SM, Steyerberg EW, Borshoom GJIJM, De Man R a,
Verhoef C, et al. Recently introduced biomarkers for screening of hepatocellular
carcinoma: a systematic review and meta-analysis. Hepatology international.
2013 Mar;7(1):59-64.

41



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Farazi P a, DePinho R a. Hepatocellular carcinoma pathogenesis: from genes to
environment. Nature reviews. Cancer. 2006 Sep;6(9):674-87.

Yuzugullu H, Benhaj K, Ozturk N, Senturk S, Celik E, Toylu A, et al. Canonical
Whnt signaling is antagonized by noncanonical Wnt5a in hepatocellular carcinoma
cells. Molecular cancer. 2009 Jan;8(90).

Alghasham A a. Cucurbitacins - a promising target for cancer therapy.
International journal of health sciences. 2013 Jan;7(1):77-89.

Li L, Cole J, Margolin D a. Cancer stem cell and stromal microenvironment. The
Ochsner journal. 2013 Jan;13(1):109-18.

Yeh C-B, Hsieh M-J, Lin C-W, Chiou H-L, Lin P-Y, Chen T-Y, et al. The
antimetastatic effects of resveratrol on hepatocellular carcinoma through the
downregulation of a metastasis-associated protease by SP-1 modulation. PloS
one. 2013 Jan;8(2):1-10.

Acloque H, Adams MS, Fishwick K, Bronner-fraser M, Nieto MA. Epithelial-
mesenchymal transitions : the importance of changing cell state in development
and disease. The Journal of Clinical Investigation. 2009;119(6):1438-49.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. The
Journal of Clinical Investigation. 2009;119(6):1420-8.

Thiery JP, Acloque H, Huang RYJ, Nieto MA. Epithelial-mesenchymal
transitions in development and disease. Cell. 2009 Nov 25;139(5):871-90.

Liu T-A, Jan Y-J, Ko B-S, Liang S-M, Chen S-C, Wang J, et al. 14-3-3E
Overexpression Contributes To Epithelial-Mesenchymal Transition of
Hepatocellular Carcinoma. PloS one. 2013 Jan;8(3).

Shiota M, Bishop JL, Nip K, Zardan A, Takeushi A, Cordonnier T, et al. Hsp27
regulates epithelial mesenchymal transition, metastasis and circulating tumor cells
in prostate cancer. Cancer research. 2013 Mar 14;

Li C, Curreli M, Lin H, Lei B, Ishikawa FN, Datar R, et al. Complementary
detection of prostate-specific antigen using In203 nanowires and carbon
nanotubes. Journal of the American Chemical Society. 2005 Sep;127(36):12484—
5.

Zhang J, Ting BP, Khan M, Pearce MC, Yang Y, Gao Z, et al. Pt nanoparticle
label-mediated deposition of Pt catalyst for ultrasensitive electrochemical

42



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

immunosensors. Biosensors & bioelectronics. Elsevier B.V.; 2010 Oct;26(2):418—
23.

Zhuo Y, Yu R, Yuan R, Chai Y, Hong C. Enhancement of carcinoembryonic
antibody immobilization on gold electrode modified by gold nanoparticles and
SiO2/Thionine nanocomposite. Journal of Electroanalytical Chemistry. Elsevier
B.V.; 2009 Apr;628(1-2):90-6.

Yang M, Javadi A, Gong S. Sensitive electrochemical immunosensor for the
detection of cancer biomarker using quantum dot functionalized graphene sheets
as labels. Sensors and Actuators B: Chemical. Elsevier B.V.; 2011
Jul;155(1):357-60.

Ji S, Liu C, Zhang B, Yang F, Xu J, Long J, et al. Carbon nanotubes in cancer
diagnosis and therapy. Biochimica et biophysica acta. Elsevier B.V.; 2010
Aug;1806(1):29-35.

Lobo AO, Antunes EF, Machado AHA, Pacheco-soares C. Cell viability and
adhesion on as grown multi-wall carbon nanotube films. Materials Science and
Engineering C. 2008;28:264-9.

Lobo AO, Corat MAF, Antunes EF, Palma MBS, Pacheco-Soares C, Garcia EE,
et al. An evaluation of cell proliferation and adhesion on vertically-aligned multi-
walled carbon nanotube films. Carbon. Elsevier Ltd; 2010 Jan;48(1):245-54.

Bitirim VC, Kucukayan-Dogu G, Bengu E, Akcali KC. Patterned carbon
nanotubes as a new three-dimensional scaffold for mesenchymal stem cells.
Materials Science & Engineering C. Elsevier B.V.; 2013 Jul;33(5):3054-60.

Correa-Duarte MA, Wagner N, Morsczeck C, Thie M, Giersig M. Fabrication and
biocompatibility of carbon nanotube-based 3D networks as scaffolds for cell
seeding and growth. Nano Letters. 2004;4:2233-6.

Namgung S, Baik KY, Park J, Hong S. Controlling the growth and differentiation
of human mesenchymal stem cells by the arrangement of individual carbon
nanotubes. ACS Nano. 2011 Sep;5(9):7383-90.

Li X, Liu H, Niu X, Yu B, Fan Y, Feng Q, et al. The use of carbon nanotubes to
induce osteogenic differentiation of human adipose-derived MSCs in vitro and
ectopic bone formation in vivo. Biomaterials. 2012 Jun;33(19):4818-27.

Salimi A, Kavosi B, Fathi F, Hallaj R. Highly sensitive immunosensing of
prostate-specific antigen based on ionic liquid-carbon nanotubes modified

43



31.

32.

33.

34.

35.

36.

37.

38.

39.

electrode: Application as cancer biomarker for prostatebiopsies. Biosensors &
bioelectronics. Elsevier; 2013 Apr;42:439-46.

Chen S, Yuan R, Chai Y, Min L, Li W, Xu Y. Electrochemical sensing platform
based on tris(2,2'-bipyridyl)cobalt(l11) and multiwall carbon nanotubes—Nafion
composite for immunoassay of carcinoma antigen-125. Electrochimica Acta.
2009 Dec;54(28):7242—17.

Yu X, Munge B, Patel V, Jensen G, Bhirde A, Gong JD, et al. Carbon nanotube
amplification strategies for highly sensitive immunodetection of cancer
biomarkers. Journal of the American Chemical Society. 2006
Aug;128(34):11199-205.

Malhotra R, Patel V, Vaqué JP, Gutkind JS, Rusling JF. Ultrasensitive
electrochemical immunosensor for oral cancer biomarker IL-6 using carbon
nanotube forest electrodes and multilabel amplification. Analytical Chemistry.
2010 Apr;82(8):3118-23.

Chikkaveeraiah B V, Bhirde A, Malhotra R, Patel V, Gutkind JS, Rusling JF.
Single-wall carbon nanotube forest arrays for immunoelectrochemical
measurement of four protein biomarkers for prostate cancer. Analytical chemistry.
2009 Nov;81(21):9129-34.

Peng G, Trock E, Haick H. Detecting simulated patterns of lung cancer
biomarkers by random network of single-walled carbon nanotubes coated with
nonpolymeric organic materials. Nano Letters. 2008 Nov;8(11):3631-5.

Abdolahad M, Sanaee Z, Janmaleki M, Mohajerzadeh S, Abdollahi M, Mehran
M. Vertically aligned multiwall-carbon nanotubes to preferentially entrap highly
metastatic cancerous cells. Carbon. Elsevier Ltd; 2012 Apr;50(5):2010-7.

Abdolahad M, Taghinejad M, Taghinejad H, Janmaleki M, Mohajerzadeh S. A
vertically aligned carbon nanotube-based impedance sensing biosensor for rapid
and high sensitive detection of cancer cells. Lab on a chip. 2012 Mar
21;12(6):1183-90.

Zhang S, Li G, Zhao Y, Liu G, Wang Y, Ma X, et al. Smac mimetic SM-164
potentiates APO2L/TRAIL- and doxorubicin-mediated anticancer activity in
human hepatocellular carcinoma cells. PloS one. 2012 Jan;7(12).

Chen X, Ding G, Gao Q, Sun J, Zhang Q, Du L, et al. A Human Anti-c-Met Fab

Fragment Conjugated with Doxorubicin as Targeted Chemotherapy for
Hepatocellular Carcinoma. PloS one. 2013 Jan;8(5).

44



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Maluccio M, Covey A. Recent Progress in Understanding , Diagnosing , and
Treating Hepatocellular Carcinoma. A Cancer Journal for Clinicians.
2012;62(6):394-9.

Li Z, Kawashita M. Current progress in inorganic artificial biomaterials. Journal
of Artificial Organs. 2011;14:163-70.

Golla K, Cherukuvada B, Ahmed F, Kondapi AK. Efficacy, safety and anticancer
activity of protein nanoparticle-based delivery of doxorubicin through intravenous
administration in rats. PloS one. 2012 Jan;7(12):€51960.

Tazi EM, Essadi I, M’rabti H, Touyar A, Errihani PH. Systemic treatment and
targeted therapy in patients with advanced hepatocellular carcinoma. North
American journal of medical sciences. 2011 Apr;3(4):167-75.

Laginha KM, Verwoert S, Charrois GJR, Allen TM. Determination of
doxorubicin levels in whole tumor and tumor nuclei in murine breast cancer

tumors. Clinical cancer research : an official journal of the American Association
for Cancer Research. 2005 Oct 1;11(19):6944-9.

Zhang S, Liu X, Bawa-Khalfe T, Lu L-S, Lyu YL, Liu LF, et al. Identification of
the molecular basis of doxorubicin-induced cardiotoxicity. Nature medicine.
Nature Publishing Group; 2012 Nov;18(11):1639-42.

Li Z, Guan J. Thermosensitive hydrogels for drug delivery. Expert opinion on
drug delivery. 2011 Aug;8(8):991-1007.

Vishal Gupta N, Shivakumar HG. Preparation and characterization of superporous
hydrogels as gastroretentive drug delivery system for rosiglitazone maleate.

Daru : journal of Faculty of Pharmacy, Tehran University of Medical Sciences.
2010 Jan;18(3):200-10.

Wang K, Li WF, Xing JF, Dong K, Gao Y. Preliminary assessment of the safety
evaluation of novel pH-sensitive hydrogel. European ournal of pharmaceutics and
biopharmaceuticsournal of pharmaceutics and biopharmaceutics. Elsevier B.V.;
2012 Oct;82:332-9.

Dadsetan M, Liu Z, Pumberger M, Giraldo CV, Ruesink T, Lu L, et al. A stimuli-

responsive hydrogel for doxorubicin delivery. Biomaterials. Elsevier Ltd; 2010
Nov;31:8051-62.

45



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bhattarai N, Gunn J, Zhang M. Chitosan-based hydrogels for controlled, localized
drug delivery. Advanced drug delivery reviews. Elsevier B.V.; 2010 Jan
31;62(1):83-99.

Wicki A, Rochlitz C. Targeted therapies in breast cancer. Swiss medical weekly.
2012 Jan;142.

Wirth CT, Hofmann S, Robertson J. Surface properties of vertically aligned
carbon nanotube arrays. Diamond and Related Materials. 2008 Jul;17(7-
10):1518-24.

Sheu MT, Huang JC, Yeh GC, Ho HO. Characterization of collagen gel solutions
and collagen matrices for cell culture. Biomaterials. 2001 Jul;22(13):1713-9.

Yang C-Y, Huang L-Y, Shen T-L, Yeh JA. Cell adhesion, morphology and
biochemistry on nano-topographic oxidized silicon surfaces. European cells &
materials. 2010 Jan;20(1):415-30.

Jia G, Wang H, Yan L, Wang X, Pei R, Yan T, et al. Cytotoxicity of carbon
nanomaterials: single-wall nanotube, multi-wall nanotube, and fullerene.
Environmental science & technology. 2005 Mar 1;39(5):1378-83.

Smart SK, Cassady a. I, Lu GQ, Martin DJ. The biocompatibility of carbon
nanotubes. Carbon. 2006 May;44(6):1034-47.

Lobo a. O, Corat M a. F, Antunes EF, Palma MBS, Pacheco-Soares C, Garcia EE,
et al. An evaluation of cell proliferation and adhesion on vertically-aligned multi-
walled carbon nanotube films. Carbon. Elsevier Ltd; 2010 Jan;48(1):245-54.

Gu Y-J, Cheng J, Jin J, Cheng SH, Wong W-T. Development and evaluation of
pH-responsive single-walled carbon nanotube-doxorubicin complexes in cancer
cells. International journal of nanomedicine. 2011 Jan;6:2889-98.

Alidori S, Asgiriba K, Londero P, Bergkvist M, Leona M, Scheinberg D a, et al.
Deploying RNA and DNA with Functionalized Carbon Nanotubes. The journal of
physical chemistry. C, Nanomaterials and interfaces. 2013 Mar 21;117(11):5982—
92.

Minati L, Antonini V, Dalla Serra M, Speranza G. Multifunctional branched gold-

carbon nanotube hybrid for cell imaging and drug delivery. Langmuir : the ACS
journal of surfaces and colloids. 2012 Nov 13;28(45):15900-6.

46



61.

62.

63.

64.

Wan-Ju Li et al. Fabrication and Application of Nanofibrous Scaffolds in Tissue
Engineering. Current Protocols in Cell Biology. 2010;

Coccini T, Manzo L, Roda E. Safety evaluation of engineered nanomaterials for
health risk assessment: an experimental tiered testing approach using pristine and
functionalized carbon nanotubes. ISRN toxicology. 2013 Jan;

Heister E, Brunner EW, Dieckmann GR, Jurewicz |, Dalton AB. Are carbon
nanotubes a natural solution? Applications in biology and medicine. ACS applied
materials & interfaces. 2013 Mar;5(6):1870-91.

Rodriguez-Yanez Y, Muifioz B, Albores A. Mechanisms of toxicity by carbon
nanotubes. Toxicology mechanisms and methods. 2013 Mar;23(3):178-95.

47



Appendix

STANDARD SOLUTIONS AND BUFFERS

DEPC-Treated ddH20

e 1ml DEPC
e 1ltddH20

e Stirred in a hood for 1 hour, autoclaved in order to inactivate the DEPC

10X PBS

e 80g NaCl

e gKCI

e 8,01g Na2HPO4.2H20

e 29 KH2PO4

e 1 liter ddH20 pH: 7,2

e Working solution (1XPBS) was prepared by diluting 10XPBS by 10 times
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50X TAE Buffer

2M Tris Base (242 g)

e 57,1 ml Glacial Acetic Acid

e 50mM EDTA

e Addto1ItbyddH20

e Working solution (LXTAE) prepared by diluting 50XTAE.

10X Agarose Gel Loading Dye

e 0,009g BFB

e 0,009g XC

e 2,8mL ddH20

e 12ml0,5M EDTA.

e Total volume brought to 15ml by adding glycerol, dilute 1:10 in sample prior to

loading to electrophoresis gel

Low Glucose DMEM and RPMI-1640

e 10% :50 ml FBS (Regular FBS = inactivated at 55°C )
e 5 ml Penicillin/Streptomycin (50 pg/ml final concentration from 10 mg/ml stock)

e 5 ml Non-Essential Amino Acids Solution, (diluted into 1x from 100x

concentrate stock)
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