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Kolorektal kanser, dünya çapında kanserle ilişkili ölümlerin üçüncü önde gelen 

nedenidir. Uzak bölgelere yayılmayan kolorektal kanserler için, cerrahi genellikle 

birincil veya ilk tedavi seçeneğidir. Bununla birlikte, kemoterapi (neoadjuvan, 

adjuvan ve ileri evre kemoterapi) halen yaygın olarak kullanılmaktadır. Kolorektal 

kanseri tedavi etmek için birkaç antikanser ajanı mevcuttur, ancak nihayetinde 

kanser nüksleri meydana gelir. Mevcut tedavilerin başarısında önemli bir engel, 

kanser hücrelerinin, genellikle geri dönüşü olmayan bir nokta olarak kabul edilen 

ve en kötü sonuçla ilişkili olan metastazlara neden olan tekrarlayan 

adaptasyonudur. Bu nedenle, kanser hücrelerinin direncini arttıran mekanizmaları 

anlamak, özel bir önem taşımaktadır. 
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Son yıllarda, epitelyal mezenkimal geçişin (EMT), doğal olarak meydana gelen 

transdiferansasyon programı, kemoterapiye karşı dirençte önemli bir rol 

oynadığına inanılmaktadır. EMT'nin kemoterapi direncinde ve metastazda kritik bir 

rol oynadığı yaygın olarak gösterilse de, EMT ile ilaç direnci arasındaki potansiyel 

sinyalizasyon ağı hala belirsizdir. Glutatyonun (GSH) hem endojen hem de 

ksenobiyotik kökenli elektrofillerle reaksiyonunu katalize eden bir izozimler ailesi 

olan Glutatyon S-Transferazlar (GST'ler), doğrudan detoksifikasyon yoluyla ilaç 

direncinin gelişmesine neden olurlar. GST'lerin pi (π) ve mu (µ) sınıfları, hücresel 

sağkalımda ve ayrıca kanser gelişiminde düzenleyici bir rol oynamaktadır. 

Bu nedenle, bu çalışmada, HT-29 KRK hücre hattında in vitro EMT modeli 

oluşturulmuş ve EMT, immünohistokimyasal ve biyokimyasal yöntemler 

kullanılarak gösterilmiştir. HT-29 KRK hücrelerinin epitelyal ve mezenkimal 

fenotiplerinde GST-π ve GST-µ  ekspresyon ve protein düzeyleri belirlenmiştir. Her 

iki formda oksidatif stres oluşturulmuş ve oksidatif hasar tespit edilmiştir. HT-29 

KRK hücrelerinin epitelyal ve mezenkimal fenotiplerinde oksidatif hasar ile GST 

izoenzimlerinin gen ve protein düzeyleri arasındaki korelasyon belirlenmiştir. HT-

29 KRK hücrelerinin her iki fenotipi, FDA onaylı bir GST inhibitörü olan etakrinik 

asit (ETA) ile muamele edilmiştir. ETA muamelesini takiben GST izoenzimlerinin 

ekspresyon ve protein düzeyleri belirlenmiştir. Testler GST inhibitörünün KRK’da 

EMT üzerindeki etkisini araştırmak için HT-29 KRK hücrelerinin oksidatif olarak 

hasar oluşturulmuş epitelyal ve mezenkimal fenotipleri için tekrarlanmıştır. 

Epitelyal ve mezenkimal fenotipler, ayrıca yeni terapötik protokolün etkinliğini 

araştırmak için adjuvan tedavi kombinasyonu ile ve adjuvan tedavi kombinasyonu 

ve ETA ile tedavi edilmiştir. Boş ve ETA yüklü PLGA-b-PEG nanopartiküller ve 

mPLGA-PEG-SS-ETA nanokonjugatları nanopresipitasyon tekniği ile 

hazırlanmıştır. Bu nanoformülasyonlar ortalama partikül büyüklüğü, PDI, zeta 

potansiyeli açısından ve morfolojik olarak karakterize edilmiştir. 

Nanoformülasyonların ETA yükleme kapasitesi ve yükleme verimliliği, valide HPLC 

yöntemi ile belirlenmiştir. Optimize edilmiş nanoformülasyonlar, hedefleme 

çalışmaları için için HT-29 hücrelerinin mezenkimal fenotipine özgü Vimentin (Vim) 

monoklonal antikoru ile konjuge edilmiştir. Nanoformülasyonların in vitro 

sitotoksisitesi L929 hücrelerinde belirlenmiştir. Epitelyal ve mezenkimal fenotipler, 

hedefe yönelik yeni terapötik protokolün etkinliğini araştırmak için, adjuvan tedavi 
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kombinasyonu ve ETA yüklü ve mezenkimal fenotip hedefli nanoformülasyonlarla 

tedavi edilmiştir. İmmün sistemi baskılanmış Wistar sıçanlarda in vivo EMT modeli 

oluşturulmuştur. Yeni hedefe yönelik terapötik protokolün in vivo etkinliğini 

araştırmak için hayvanlar, adjuvan tedavi kombinasyonu ve adjuvan tedavi 

kombinasyonu ile ETA yüklü ve mezenkimal fenotip hedefli nanoformülasyonlarla 

tedavi edilmiştir.  

HT-29 KRK hücrelerinde in vitro EMT modeli başarıyla oluşturulmuştur. HT-29 

hücrelerinin mezenkimal fenotipinde, GST-π'nin yüksek ekspresyonu ve protein 

seviyeleri gözlenmiş, ancak GST-µ ekspresyon paternlerinde dikkate değer bir fark 

gözlenmemiştir. ETA, PLGA-b-PEG nanopartiküllere başarıyla yüklenmiştir. ETA 

ayrıca disülfid bağı yoluyla mPEG-PLGA kopolimerine konjuge edilmiş ve sonuçta 

oluşan polimer nano boyutlu taşıyıcı sistemlere kendiliğinden dönüşmüştür. ETA 

yüklü nanoformülasyonlar, dar bir boyut dağılımı ile 115-130 nm aralığında elde 

edilmiştir. Vim mAb konjugasyonu ile her iki nanoformülasyon da mezenkimal 

fenotipe başarı ile hedeflenmiştir. Hedefe yönelik formülasyonların hücre içine 

alımları daha yüksek olup, GST-π izoenzimi üzerinde daha düşük 

konsantrasyonlar ile inhibisyon etkisi göstermiştir.  

HT-29 KRK hücrelerinin enjeksiyonu ile immün sistemi baskılanmış Wistar ratlarda 

başarılı bir şekilde in vivo EMT modeli oluşturulmuştur. EMT oluşumu gözlenen 

hayvanlarda GST-π izoenzimi ekspresyon seviyelerinde artış gözlenmiştir. ETA 

yüklü ve mezenkimal fenotipe hedeflendirilmiş nanoformülasyonlar adjuvan tedavi 

etkinliğini arttırarak oluşan granulom boyutlarında küçülmeyi sağlamıştır. 

 

 

Anahtar Kelimeler: Kolorektal kanser, epitelyal mezenkimal geçiş, GST 

izoenzimleri, etakrinik asit, immunonanopartiküller, immünonanokonjugatlar, 
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Colorectal cancer is the third leading cause of cancer-related deaths worldwide. 

For colorectal cancers that have not spread to distant sites, surgery is usually the 

primary or first treatment option. However, chemotherapy (neoadjuvan, adjuvan 

and advanced-stage chemotherapy) is still widely used. Several chemotherapeutic 

agents are available for the treatment of CRC, but eventually cancer relapse 

occurs. A major impediment in the success of available therapies is the recurrent 

adaptation of cancer cells, leading to metastases, which are often considered as 

the point of no return, and are associated with the worst outcome. Therefore,  

understanding the mechanisms that drive resistance of cancer cells bears special 

importance.  

In the recent years, epithelial-mesenchymal transition (EMT), naturally occurring 

transdifferentiation program, is believed to play an important role in resistance 

toward chemotherapeutics. Although EMT is widely demonstrated to play a critical 
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role in chemoresistance and metastasis, the potential signaling network between 

EMT and drug resistance is still unclear. Glutathione S-Transferases (GSTs), a 

family of isozymes that catalyze the reaction of glutathione (GSH) with 

electrophiles of both endogenous and xenobiotic origins, assist in the development 

of drug resistance through direct detoxification. The pi (π) and mu (µ) classes of 

GSTs play a regulatory role in cellular survival and also in development of cancer.  

Thus, in the present study, in vitro EMT model was created in HT-29 CRC cell line 

and EMT was demonstrated using immunohistochemical and biochemical 

methods. Expression and protein levels of GST-π and GST-µ in the epithelial and 

mesenchymal phenotype of HT-29 CRC cells was determined. Oxidative stress 

was generated and oxidative damage was detected; correlation between the 

oxidative damage and GST isoenzymes was determined at gene and protein 

levels in the epithelial and mesenchymal phenotypes of HT-29 CRC cells. Both 

phenotypes of HT-29 CRC cells were treated with ethacrynic acid (ETA) that is a 

FDA approved GST inhibitor. Expressions of the GST isoenzymes and their 

protein levels were determined following ETA treatment. Assays were repeated for 

oxidatively damaged epithelial and mesenchymal phenotypes of HT-29 cells in 

order to investigate the effect of GST inhibitor on EMT in CRC. Epithelial and 

mesenchymal phenotypes were treated with adjuvant therapy combination and 

also with the adjuvant therapy combination plus ETA to investigate the efficacy of 

the new tharapeutic protocol. Blank and ETA loaded PLGA-b-PEG nanoparticles 

and mPLGA-PEG-SS-ETA nanoconjugates were prepared by nanoprecipitation 

technique. These nanoformulations were characterized in terms of mean particle 

size, PDI, zeta potential and morphology. ETA loading capacity and loading 

efficiency of nanoformulations were determined by validated HPLC method. The 

optimized nanoformulations were coupled with Vimentin (Vim) monoclonal 

antibody specific to mesenchymal phenotype of HT-29 CRC cells for targeted 

delivery. In vitro cytotoxicity of nanoformulations were determined on L929 cells. 

Epithelial and mesenchymal phenotypes were treated with adjuvant therapy 

combination plus ETA loaded and mesenchymal phenotype targeted 

nanoformulations to investigate the efficacy of the new targeted therapeutic 

protocol. In vivo EMT model was created in the immunosuppressed Wistar rats. 

Animals were treated with adjuvant therapy combination and adjuvant therapy 
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combination plus ETA loaded and mesenchymal phenotype targeted 

nanoformulations to investigate the in vivo efficacy of the new targeted therapeutic 

protocol.  

In vitro EMT model was successfully established in HT-29 CRC cells. In 

mesenchymal phenotype of HT-29 cells, elevated expression and protein levels of 

GST-π were observed, however, no remarkable difference in GST-µ expression 

patterns was observed. GST inhibitor ETA was successfully loaded in PLGA-b-

PEG nanoparticles. ETA was also conjugated to PLGA-b-PEG copolymer via 

disulphide bond and resulting polymer self-assembled into nanosized particles. 

ETA loaded nanoformulations in the range of 115 to 130 nm with a narrow size 

distribution were obtained. Both nanoformulations were successfully targeted to 

mesenchymal phenotype with Vim mAb conjugation. Targeted formulations had 

higher cell uptake rates and showed inhibition effect on GST-π isoenzyme activity 

even at lower concentrations.  

In vivo EMT model were successfully induced by the injection of HT-29 CRC cells 

in immuno-suppressed Wistar rats. Increased levels of GST-π isoenzyme 

expression in animals with EMT formation were observed. ETA-loaded and 

mesenchymal phenotype targeted nanoformulations increased adjuvant therapy 

efficacy and reduced formed granuloma sizes. 

 

 

Keywords: Colorectal cancer, epithelial mesenchymal transition, GST 

isoenzymes, ethacrynic acid, immunonanoparticles, immunonanoconjugates, 

adjuvan therapy 
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1. INTRODUCTION 
 

Colorectal cancer (CRC), constitutes 10-15% of all cancers, is the most frequently 

type of malignancy in the gastrointestinal system. It may begin in the rectum or 

intestine and is referred to colon or rectal cancer individually depending on where 

to begin. Hereditary and environmental variables have been found to be correlated 

with CRC risk. Underlying mechanism accountable for the advancement of CRC is 

suggested to include the transformation of benign polyps into adenocarcinoma. 

The disorders in some signalling pathways of P13K/AKT, β-cadhenine, TGF-β and 

P53 are reported to contribute in the development of CRC. Surgery is the first 

option for the treatment of CRC, however, chemotherapy (neoadjuvan, adjuvan 

and advanced-stage chemotherapy) is still widely used. Standard neoadjuvan (5-

fluorouracil) based treatments and substantially extended adjuvant therapies such 

as oxaliplatin (antitumor mechanism activator), leucovorin (antifolate), irinotecan 

(topoisomerase I inhibitor), oxaliplatin (antitumor mechanism activator) are most 

commonly used regimens in the treatment of CRC. Adjuvant monoclonal antibody 

immunotherapy targeted to vascular endothelial develop factor (VEGF) and 

epidermal development  variable (EGRF) receptors are recently used for the 

treatment of metastatic CRC. However, these chemotherapeutics have serious 

adverse side effects; recurrence is frequently observed and metastases and drug-

resistance are developed during chemotherapy. Resistance to chemotherapetic 

agents used for cancer therapy results from several variables including a decrease 

in intracellular drug accumulation, reduced drug-target relationship, change in anti-

oxidant mechanisms and alterations in drug distribution. 

Epithelial-Mesenchymal Transition (EMT) is a developmental process which is 

significant in embryogenesis and cancer metastasis. Cancer-associated EMT is a 

complicated process in that the cells lose their epithelial properties including 

intercellular junctions and apico-basal polarity and acquire mesenchymal 

phenotype properties like mobility, invasive ability and significantly most of the 

characteristics of stem cells. Recently, EMT has a significant role in resistance to 

chemotherapeutics and apoptosis, but the reason of these intrinsic relationship 

remains unclear. Anti-EMT therapies that reverse the EMT status by regulating the 

key targets are in progress, however, limited number of satisfactory results are 
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reported. It is proposed that transformed phenotypes improve opposition to the 

oxidative tension and tend to gain resistance for chemotherapeutic drug treatment 

regimen based on the creating oxidative tension to become self-advocates. 

Oxidative stress is identified as an imbalance between the free radicals generated 

by normal anabolic and metabolic processes and biological antioxidant systems. 

The free radicals which are often referred to as reactive oxygen species (ROS) 

can promote the tumor development and progression. Glutathione S-Transferases 

(GSTs) are a superfamily of isozymes that play a significant role that are 

responsible for the cellular detoxification of electrophilic xenobiotics. GSTs 

possess catalytic activity through the conjugation of glutathione (GSH) to 

xenobiotic molecules. Among the sixteen members of GSTs, the pi (π) and mu (µ) 

classes take more attention because of their significant role in cellular protection 

and also in tumor progression. GSTs have long been implicated in the 

development of resistance to the current chemotherapeutic drugs. Direct 

detoxification of chemotherapeutics and  inhibitory effect of GSTs on the MAP 

kinase cascade caused GST-associated drug resistance. Overexpression of GSTs 

has been observed in a wide variety of both cancer cells and tumor samples and a 

correlation between increased GST levels and resistance against alkylating agents 

is also reported. Although there are some studies in which EMT model is applied 

to CRC and different resistance profiles between epithelial and mesenchymal 

phenotypes are identified, relatioship between the drug resistance mechanism in 

mesenchymal phenotype of CRC cells and GST has not yet been elucidated.  

Nanoparticles attract much notice as drug and gene delivery systems due to their 

small particle size and their penetration capability into cell capillaries. PLGA-PEG, 

a non-toxic and FDA approved polymer, is basically used to prepare polymeric 

nanoparticles  presenting stealth properties. 

In the light of this information, the purpose of this work was; 

 To create in vitro EMT model in HT-29 CRC cell line and to demonstrate 

EMT using immunohistochemical and biochemical methods 

 To determine expression and protein levels of GST isoenzymes in the 

epithelial and mesenchymal phenotypes of HT-29 CRC cells 
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 To formulate and characterize GST inhibitor ETA loaded and mesenchymal 

phenotype targeted nanoformulations 

 To investigate the efficacy of the nanoformulations to enhance the adjuvant 

therapy efficacy 

 To create in vivo EMT model in immunesuppressed Wistar rats 

 To assess the efficacy of the nanoformulations to enhance the in vivo 

adjuvant therapy efficacy. 
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2. GENERAL INFORMATION 
 

2.1. Cancer 

National Cancer Institute (NCI) defines cancer as a collection of related diseases 

in which cells divide in an uncontrolled manner and invade into surrounding 

tissues [1]. Accelerating cell division is created by either the sequential collection 

of random transformation in critical genes that check cell cycle, regulate 

susceptibility to programmed cell death, and maintain genetic stability or altered 

gene expression profile due to epigenetic modifications of DNA [2-4]. Just as 

Darwinian evolution indicate, presence of specific transformations give rise to a 

selective advantage to cancer cells. 

 

 

Figure 2.1. Stages of carcinogenesis 

At the cellular level, transformation of healthy cells into cancerous cells with 

increased capacity of proliferation, invasion, and metastasis is fundamentally a 

multifactorial and multistep process [5, 6]. Exposure to the environmental agents 

such as chemical carcinogens, radiation, viruses and inherited genetic factors can 
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initiate the malignant transformation. Malignat cells are self-sufficient in growth 

signals and insensitive to growth-inhibitory signals. According to the three-stage 

theory of carcinogenesis, initiation where the inherited or sporadic mutations lead 

to changes in cellular function is the first step (Figure 2.1). This irreversible genetic 

change drives normal cells toward cancer cells. Acquisition of mutations lead 

increased proliferation of initiated cells and the promotion of tumor phenotype by 

the selection of variants with best survival, growth and invasion of the colonies of 

cancer cells. 

Following initiation and promotion, cells go through a process referred to as 

progression. During progression, genetically vulnerable precancerous cells, which 

already possess significant growth advantages over normal cells, are become 

preinvasive state. Progression is the final stage of neoplastic transformation, 

where genetic and phenotypic changes and cell proliferation occur. This involves a 

fast increase in the tumor size, where the cells may undergo further mutations with 

invasive and metastatic potential. 

Thousands of genes whose mutation contributes to the initiation and the 

progression of cancer are identified and generally grouped into two broad classes 

according to whether the cancer development arises from gain-of-function or loss-

of-function mutations in these genes [7-10]. Genes of the first class, whose 

mutation stimulate cell growth, proliferation and survival, are called proto-

oncogenes. Gain-of-function mutations convert protooncogenes into their mutant, 

overactive forms named as oncogenes. Activation of oncogenes may arise 

through  point mutations in a protooncogene resulting in activation of an enzyme 

or amplification of a DNA segment that includes a protooncogene leading to 

increased transcription of the encoded protein. Oncogene activation may also 

result from chromosomal translocation events that lead to generation of fusion 

proteins with abnormal activities [11, 12].  ERBB2, members of the RAS family, 

and MYC are the most commonly activated oncogenes in human cancers. The 

most common example for oncogenic mutations is the ras family of 

protooncogenes. Experimental studies both in cultured cells and in animals and 

molecular studies in clinical samples have shown that K-ras mutations occur in 

approximately 30% of lung adenocarcinomas, 50% of colon carcinomas, and 90% 

of carcinomas of the pancreas [13]. The MYC gene is also an important oncogene  
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implicated in the pathogenesis of many different types of human cancers including 

neuroblastoma, colorectal adenocarcinomas and squamous cell carcinomas [14-

17].   

Genes of the second class, whose mutation during carcinogenesis let the cancer 

cells escape from cell cycle checkpoints, are called tumor suppressor genes [18-

21]. Functional loss of tumour suppressor genes results from small deletions or 

insertions, frame-shift mutations, or missense mutations [19, 22, 23]. One of the 

most frequently inactivated gene in human cancers is the tumor suppressor p53 

that controls cell cycle and stress signals such as apoptosis, DNA damage, 

ribonucleotide depletion, nutritional starvation, and hypoxia. It was demonstrated 

that the loss of function mutations in p53 gene are found in over 50% of human 

cancers [18].  

Drug Resistance in Cancer Treatment 

Among the different treatment options such as surgery, radiotherapy and hormone 

therapy, chemotherapy is still one of the most effective strategy for the treatment 

of different types of tumors even after the development of metastatis. However, 

the ability of tumors to eliminate the cytotoxic effects of anti-cancer agents results 

in therapeutic failure in the majority of the most common forms of cancers. This 

phenomenon, known as drug resistance, constitutes a lack of  response  to  drug-

induced  tumour  growth  inhibition and renders the disease uncontrollable, 

causing in high mortality [24].  

The resistance against the chemotherapeutic agents may be inherent in a 

subpopulation of heterogeneous  cancer  cells (intrinsic drug resistance) as well as 

it could be acquired during the course of therapy in response to the sequential or 

simultaneous exposure of tumor to cytotoxic drugs (acquired resistance). 

Genotypic and/or phenotypic alterations in cancer cells within the same tumor 

which modulate therapeutic resistance are required for acquired resistance. These 

naturally selected drug-tolerant subpopulations cause the failure of therapy. 

Acquisition of resistance could be towards to the previously used drug or it has 

also developed to new  agents with different structures and mechanisms of action. 

The  development of  resistance  to  a  variety  of  unrelated  chemotherapeutic  

agents  is  called  multiple  drug  resistance (MDR) [25]. 
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Diverse variety of mechanisms including drug inactivation, somatic transformations 

within targets of therapeutics and drug transporters, enhanced DNA repair 

systems, and dysregulated apoptosis caused both inherent and acquired drug 

resistance in cancer therapy.  

Diverse variety of mechanisms that promote or enable both inherent and acquired 

drug resistance have been proposed, including drug inactivation, somatic 

mutations within drug targets and drug efflux, DNA damage repair, dysregulated 

apoptosis, and the epithelial-mesenchymal transition.  

In this chapter, different mechanisms involved in cancer drug resistance are 

outlined. Roles of Epithelial-Mesenchymal Transition (EMT) and Glutathione S-

Transferases (GSTs) in cancer cell resistance against chemotherapeutics will be 

discussed in Chapter 2.3. and 2.4., respectively. 

 

 

Figure 2.2. Mechanisms of chemotherapeutic drug resistance in cancer cells [24]. 
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2.2.1. Intratumoral Heterogeneity 

Differerences in morphology, genetic and/or epigenetic profile, motility and 

proliferation rate may be observed in malignant cells within the same tumor as a 

consequence of genotypic alterations and micro-environmental heterogeneity [24] 

and these different cell subpopulations are named as tumor clones [25]. The 

genotypic alterations such as mutations, gene amplifications, deletions, 

chromosomal rearrangements, translocations and differences in microRNA types 

lead to genomic instability, resulting in intratumoral genetic heterogeneity [26].  As 

well as molecular variabilities, cell-extrinsic factors such as interactions with 

heterogeneous cellular populations, nutrient availability, waste and pH gradients, 

oxygen (O2) tension, extracellular matrix (ECM) deposition, physical and oxidative 

pressures generate intratumoral heterogeneity. These interactions among tumor 

cells and surronding matrix impact the signaling molecules that tumor cells 

receive, thereby modulating phenotypic features such as metabolism, motility, 

proliferative and metastatic potential and drug responsiveness. Chemotherapeutic 

drugs can efficiently eliminate drug-responsive clones whereas the drug-resistant 

clones can still proliferate, form drug-resistant tumors and leading to failure in 

treatment [27].  

2.2.2. Enhanced Drug Efflux 

One of the most significant form of resistance against the variety of clinically used 

chemotherapy agents is by the action of a group of transmembrane proteins which 

extrude cytotoxic molecules, maintaining the drug concentration within the cells 

below a cell-killing threshold. These transporters act either to promote drug efflux 

from the cell or to sequester it to cellular vesicles that are later eliminated by 

exocytosis. Efflux pump-mediated mechanisms have been extensively studied for 

their association with drug resistance due to overexpression in cancer cells. 

Increased expression of efflux systems confers resistance by preventing sufficient 

intracellular accumulation of chemotherapeutics, thereby avoiding their cytotoxic or 

apoptotic effects [28, 29].  

To date, more than 400 genes encoding membrane transporters have been 

annotated in the human genome, and they are divided into two major 

superfamilies: ATP-binding cassette (ABC) and solute carrier (SLC) transporters 

[30].  
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Members of the ABC transporter family proteins are the most important regulators 

for enhanced drug efflux. ABC transport molecules are generally expressed on the 

plasma membrane and on the membranes of cellular vesicles, and they play vital 

physiologic functions and also affect the pharmacokinetic properties of 

chemotherapeutics in humans. Among the 49 known ABC transporters in humans, 

overexpression of three members, P-gp, the product of the ABCB1 (MDR1) gene, 

multidrug resistance-associated protein 1 (MRP1) and mitoxantrone resistance 

protein [MXR; also known as breast cancer resistance protein (BCRP) or placenta 

ABC protein (ABC-P)], have been correlated with cancer chemoresistance to 

various drugs [31-33].  

Expression of P-gp was detected in more than 50% of the NCI-60 tumor cell lines 

including all melanomas and central nervous system tumors and with high levels in 

renal and colorectal carcinomas. The elevated P-gp expression in cancer cells has 

been linked to reduced chemotherapeutic responses and poor clinical outcome in 

various cancer types including both blood cancers and solid tumors. Some tumors 

with low levels of P-gp expression at baseline, such as leukemia and breast 

cancer, have shown upregulation of P-gp after disease progression following 

chemotherapy. A plethora of anticancer drugs that are central to many 

chemotherapeutic regimes are susceptible to P-gp-mediated efflux such as the 

microtubule-targeting vinca alkaloids (e.g.,vinblastine and vincristine) and taxanes 

(paclitaxel and docetaxel), the DNA-chelating anthracyclines (doxorubicin and 

daunorubicin), the topoisomerase inhibitors (topotecan and etoposide), and the 

tyrosine kinase inhibitors (dasatinib and gefitinib), among many others [34-36]. 

2.2.3. Enhanced DNA Repair 

Many chemotherapeutic agents such as alkylating agents and platinum-based 

agents target directly and/or indirectly the DNA of cancer cells resulting in DNA 

damage. Upon recognizing the damage, cancer cells activate a variety of signaling 

pathways according to the types of DNA damage induced. Extensive studies 

indicate that high levels of proteins involved in repair systems reflect elevated DNA 

repair capacity and are associated with clinical resistance to chemotherapy. Drug-

induced damage of DNA is corrected by the DNA repair systems such as base 

excision repair (BER), nucleotide excision repair (NER) and mismatch repair 

(MMR)  [37, 38]. 
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BER is known as a major pathway for the repair of base damage and is 

responsible for repairing one or a small number of bases with smaller 

modifications such as alkylating and oxidative lesions caused by drugs such as 

nitrosoureas [39, 40]. 

NER is a highly conserved DNA repair mechanism necessary for repairing bulky 

DNA lesions which alter the helical structure of the DNA molecule and interfere 

with DNA replication and transcription. Several proteins encoded by NER genes 

are responsible for detecting and repairing bulky DNA damage [41, 42].  

MMR is an important post-replicational repair system that plays an important role 

in the correction of DNA polymerase errors, either by preventing error-prone 

bypass replication or by correcting the formed mismatches. Mismatch repair has 

also recently been shown to be involved in repairing oxidative and methylated 

DNA damage [43-45]. 

2.2.4. Altered Expression of Drug Metabolizing Enzymes 

In recent years, it has been reported that intratumoral expression of drug 

metabolizing enzymes (DME) play important role in patients’ responses to 

treatment and the onset of resistance to therapy. The expression of these 

enzymes in malignant tumours is one possible mechanism of anti‐cancer drug 

resistance. Expression of DME within tumor cells is significantly affects absorption, 

distribution, metabolism, and excretion (ADME) of drugs. In cancer subclones, 

there tends to be a strong genomic instability that leads to highly variable 

expression of DME. Cancer cell drug resistance or sensitivity is critically impacted 

by expression of DME within tumors, and understanding which specific DME 

contribute to response to particular drugs will lead to better precision medicine [46, 

47]. 

2.2.5. Dysregulated Apoptosis 

Anticancer treatment using cytotoxic drugs is considered to induce stress 

pathways such as p38 kinase or supress signalling pathways such as those 

coordinated by phosphatidyl-3-phosphate kinase (PI3K) to reactivate key elements 

of apoptosis program. However, defects in apoptotic pathways and redundant 

survival mechanisms in cancer cells allows them to escape apoptosis leading to 

uncontrolled proliferation resulting in tumor survival, therapeutic resistance and 
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recurrence of cancer. There are many potential mechanisms associated with 

resistance to apoptosis in cancer cells such as increased expression of anti-

apoptotic genes and proteins, as well as decreased expression or defective 

function of pro-apoptotic molecules [48-50]. 

2.3. Epithelial-Mesenchymal Transition (EMT) 

Mammals are composed of mainly of two cell types, epithelial and mesenchymal, 

which differ in morphology as well as function and these cell types are not always 

permenant [51]. As was discovered more recently, it is possible to move back and 

forth between epithelial and mesenchymal phenotypes via the processes termed 

epithelial-mesenchymal transition (EMT) and the reverse mesenchymal-epithelial 

transition (MET)  [52, 53]. Both of these processes are biologic mechanism that 

govern alterations in morphology, cytoskeletal networks, adhesion and migration 

capacity of cells [54]. EMT allows highly differentiated, polarized and well-

organized epithelial cells to convert into mobile and extracellular matrix secreting 

mesenchymal cells [52, 54-57]. The MET process whereby mesenchymal cells 

polarize into apical and basolateral domains and express the multiprotein 

complexes associated with adherens junctions is the reverse of EMT [58-60]. 

2.3.1. Epithelial Cells versus Mesenchymal Cells 

Epithelial cells are tightly attached by specialized membrane structures, such as 

tight junctions, desmosomes, adherens junctions and gap junctions, resulting in 

organized cell layer called epithelium [61-63] . E-cadherin (encoded by CDH1), a 

transmembrane Ca2+-dependent homophilic intercellular adhesion molecule, is 

one of the most cruial and ubiquitous mediators of epithelial junctions. The 

extracellular domain of E-cadherin forms a Ca2+-dependent bridge from one cell to 

its neighbor, stabilizing cell–cell interactions [64, 65]. This transmembrane protein 

provides linkage to the cytoskeleton through a group of molecules, α-catenin, β-

catenin and p120-catenin which interact with intracellular actin filaments [66-68]. 

These cell adhesion molecules are not only responsible for assembling cells 

together, but also regulate the cytoskeleton and cell shape, play important roles in 

cell recognition, coordinate the translation of basic genetic information from 

microenvironment to the cell, and control epithelial cell plasticity [69-72].  
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Figure 2.3. Schematic represantations of epithelial and mesenchymal cells [73]. 

 

In addition, the cytoplasma and the plasma membrane of epithelial cells is 

polarized along an apical and basal axis, which considerably differ in molecular 

composition [74, 75]. This polarization is characterized by the polarized 

organization of the actin cytoskeleton and the presence of a basement membrane 

at the basal surface [76, 77]. Under normal conditions, invasion of epithelial cells 

into the underlying extracellular matrix is forestalled by basement membrane, 

thereby maintaining the integrity of epithelial sheet [77].  

Fibroblast-like, spindle shaped mesenchymal cells, on the contrary, exhibit front-

rear polarity. Mesenchymal cells, rarely establish direct contacts with neighboring 

cells, are loosely attached to the surrounding extracellular matrix through focal 

adhesions and are not associated with the basement membrane, resulting in more 

mobility to increase cell migration and anchorage distantly [52, 78-80]. 

2.3.2. EMT Effectors 

Profound morphological, structural and functional alterations in epithelial cells  

occur during the EMT process. During EMT, epithelial cells progressively loss 

junctional molecules, including both adherens junctions and tight junctions, allows 

epithelial cells to become detached [81, 82]. The central structural component of 

epithelial adherens junctions, E-cadherin, is downregulated at the mRNA and 

protein levels [83-85] and replaced by mesenchymal cell specific N-cadherin by a 

process termed as cadherin switch [86-88]. E-cadherin to N-cadherin switch, 

which occurs during embriyonic development and cancer progression, is used to 
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monitor EMT. Indeed, reorganization of cortical actin into stress fibers and the 

replacement of cytokeratin intermediate filaments by vimentin are associated by 

EMT [52, 54, 89, 90]. Vimentin induces alterations in cell shape, motility, and 

adhesion during EMT [91]. Fibronectin, an extracellular protein, is also 

overexpressed upon activation of EMT and plays an important role in 

mesenchymal cell migration [80]. These junctional and cytoskeletal changes 

enable the transition into a spindle-shaped cell morphology from a 

cuboidal/columnar precursor, correspond with a more flexible and migratory 

phenotype. Such alterations in junctional complexes and in the cytoskeleton are 

necessary but not sufficient to initiate the mobility of epithelial cells. Epithelial cells 

must reorganise into front-rare polarity to achieve morphological movements and 

migrate through extracellular matrix. Front-rare polarity is initiated in response to 

activation of integrins and cadherins. Front-rare polarization of cytoskeletal 

components and migration of signaling molecules on the plasma membrane are 

essential for the initiation of cell motility [92]. Regulation of actin polymerisation 

controlled by GTPases of Rho family are of crucial importance in the formation of 

active membrane protrusion at the front side [93, 94]. The cell rear also actively 

participates in cell displacement by controlling detachment from the ECM and 

acto-myosin contraction. Indeed, production of matrix metalloproteinases (MMPs) 

provide an increased ability to degrade of underlying basement membrane [95] 

Complete detachment from the basement membrane is the signal for the 

completion of EMT and the formation of a complete mesenchymal phenotype with 

migration capacity [52, 80]. Importantly, the changes observed in cell phenotype 

are often reversible modulations and the process of MET enables the cells that 

arrive at a suitable location for colonization to reconstitute  the original epithelial 

phenotype [58, 60]. 

2.3.3. Subtypes of EMT 

Transdifferation between epithelial-mesenchymal phenotypes is critical during 

developmental stages such as gastrulation, nephrogenesis, myogenesis, and 

heart valve formation [96, 97]. Besides being critical during embriyonic 

development, EMT can also be reactivated under pathological conditions such as 

chronic inflammation, rheumatoid arthritis, fibrosis, invasion of neoplastic cells, 

and ultimately metastasis [52, 80, 81, 98]. Despite genetic and biochemical 

similarities between developmental and pathological EMT, there are also key 



14 
 

differences in the functional consequences and factors participitate in the 

regulation of EMT-associated pathways, leading to classification of different EMT 

subtypes. EMT is proposed to classify three separate subtypes, based on the 

physiological conditions [52, 99].  

Type I EMT is observed during implantation of a developing embryo into uterine 

wall, embryogenesis and organ development. Through the process of embriyonic 

implantation, the cells of the throphoectoderm infiltrate the endometrium through 

EMT and form placenta. In the embryo itself, the first set of mesenchymal cells are 

generated at the gastrulation stage, where the blastula is transformed to three 

germ layers by the inward migration of cells. Organogenesis also involves 

subsequent cycles of EMT and MET, such as seen in heart valve development 

[52, 100, 101]. 

Type II EMT is associated with wound healing, tissue regeneration, and organ 

fibrosis.  Type II EMT is activated as a physiological response to injuries in tissues. 

Tissue repair process require the reconstruction of tissue integrity through re-

epithelialization. Generation of inflammatory cytokines by injured tissue, together 

with mechanical stress, promote EMT-mediated formation of fibroblasts and/or 

myofibroblasts from epithelial cells. In the case of acute injury, EMT is associated 

with reparative fibrosis whereas chronic inflammation forms abnormal 

myofibroblasts, thereby excessive extracellular matrix leads to organ destruction 

[52, 101-103].  

 

The third proposed subtype of EMT is type III EMT and has significant importance 

in tumorogenesis from early stages of tumor development to metastasis as well as 

in resistant profile of cancer cells. In contrast to developmental EMT, EMT is not 

complete in cancer cells. Cells in a tumor can be in multiple transitional states and 

express both epithelial and mesenchymal genes. The cells undergone partial EMT 

can migrate collectively as cell clusters or as individual cells and metastasize 

through the circulatory system and attach at a new location. At distant tissues, 

MET activation enables the mesenchymal cells to transform completely back into 

secondary epithelium and secondary tumor is formed [52, 102, 104]. EMT has 

been demonstrated in several tumors originate from epithelial cells such as 

colorectal, breast, lung and prostate cancer. Besides becoming motile, neoplastic 
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cells transformed to mesenchymal phenotype acquire aggressive behaviors 

including resistance to chemotherapeutics, stress conditions such as nutrient 

depletion and hypoxic enviroment, and apoptosis. Inhibition of senescence, 

immune evasion and acquisition of stem cell-like features are also the results of 

EMT. Additionally, EMT enhances the expression of pro-inflammatory and 

immunosuppressive cytokines in cancer cells, thereby triggering tumour-promoting 

effects on the composition of the tumour microenvironment, including the 

infiltrating immune system. 

2.3.4. EMT Inducers 

Transformation of epithelial phenotype into mesenchymal phenotype in normal 

cells and neoplastic cells is triggered and orchestrated by different molecular 

mechanisms including the activation of transcription factors which suppress the 

epithelial state associated genes responsible for cellular junction, cell polarity and 

reorganization of cytoskeleton and activate mesenchmal phenotype genes [105, 

106].  

Among the many transcription factors that trigger EMT, the members of the Snail 

family (Snail1 and Snail2), the Zeb family (Zeb1 and Zeb2) and the Twist family 

(Twist1 and Twist2) are the master transcriptional regulators of epithelial 

morphogenesis [107-109]. The expression of these transcripcription factors, and 

their downstream targets are proposed as a reliable prognostic biomarkers to 

reflect tumor aggresiveness and predict poor prognosis. 

E-cadherin gene (CDH1) expression is modulated by transcription factors. Snail is 

capable of binding to specific E-box sequences in the CDH1 promoter and directly 

repressing its expression, consequently inducing EMT. Additional expression 

analysis of cancer cell lines showed that Snail is mainly overexpressed in epithelial 

cancer cell lines and that overexpression of SNAIL is associated with the 

downregulation of E-cadherin. Besides two members of Snail family,  the two Zeb 

proteins are also CDH1 repressors [110]. ZEB2 mediated repression occurrs by 

binding to an E-box sequence both in Xbra2 promoterr and in delta-crystallin 

enhancer.   
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2.3.5. EMT and Cancer Treatment Resistance 

Chemotherapy and radiotherapy with or without surgical operation are used either 

alone or together in the cancer treatment. Resistance against these therapy 

strategies is clinically significant problem, with global effects [111, 112]. According 

to the recent findings obtained both in the experimental models (in vitro and in 

vivo) and in clinical trials, EMT program is closely related with development of 

cancer treatment resistance [113, 114]. The persistent accumulation of 

mesenchymal and stem-like cells in the patients with recurrent cancers following 

primary treatment strongly supports the role of EMT in the reduction of therapy 

efficacy [114-116].  

Several key transcription factors such as SNAIL and TWIST and miRNAs that 

regulate the expression of EMT-associated genes are investigated in both 

transitioned cells and cancer treatment resistant cells [112, 116]. Sarkar et al. 

[117] reported that strong expression of epithelial marker E-cadherin in the various 

gemcitabine-sensitive pancreatic cancer cell lines was observed whereas 

gemcitabine-resistant pancreatic cancer cell lines exhibited strong expression of 

mesenchymal makers including vimentin and ZEB-1 at mRNA and protein levels. 

Similarly, it was reported that paclitaxel, docetaxel, or doxorubicin resistant MCF-7 

breast cancer cell lines exhibited overexpression of Slug, resulting in the elevation 

of mesenchymal markers such as N-cadherin and vimentin and repression of 

epithelial markers E-cadherin and occludin [118, 119].  In models of drug resistant 

breast and ovarian cancers, EMT gene signatures have been found to correlate 

with the presence of drug resistance [30, 31] and manipulation of EMT 

transcriptional regulators modulates resistance to chemotherapeutic drugs in lung 

and bladder cancers [32, 33]. Additional evidence suggests that EMT may 

contribute to the acquisition of drug resistance by altering expression of key genes 

involved in cell cycle regulation, drug transport and apoptosis. 

There are also clinical studies in which EMT-associated genes profiling is 

ananlyzed in therapy resistant cancer patients. Assessment of correlation between 

gene-expression patterns of tumour samples obtained from patients with various 

cancer types and treatment outcome of these patients have resulted in close 

association between upregulation of EMT-associated genes and treatment 

resistance [120]. 
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2.4. Glutathione S-Transferases (GSTs) 

Glutathione S-Transferases (GSTs; EC:2.5.1.18) are a super family of 

multifunctional isoenzymes that are involved in the cellular detoxification of 

electrophiles, of both endogenous and exogenous origins [121]. They play an 

important role in clearance of cytotoxic and genotoxic compounds and in cellular 

protection against redox cycling and oxidative stress [122-124].  

The GSTs are belonging to phase II detoxification enzymes that catalyze the 

formation of thioether conjugates between sulfhydryl group of the tripeptide 

glutathione (γ-L-glutamyl-L-cysteinyl glycine) and electrophilic carbon, sulfur or 

nitrogen atoms of nonpolar compounds [125, 126]. This conjugation neutralizes 

the highly reactive nucleophile sites of the parent compound and enhances its 

water solubility. Due to the enhanced water solubility and action of specific 

transporters, GSH conjugates are removed from the cell, thereby preventing 

nucleic acids and crucial cellular cell constituents from the harmful effects of 

reactive electrophilic compounds [127, 128]. 

GSTs show wide substrate spectrum, different types of GSTs can deal with a wide 

variety of biological and non-biological electrophiles. GSTs have an important role 

in metabolism of endogenous molecules generated during oxidative stress. 

Endogenously formed quinones, epoxides, and hydroperoxides are the important 

substrates of GSTs. Besides metabolising endogenous substrates, these enzymes 

may detoxify electrophilic xenobiotics, like chemical carcinogens, environmental 

contaminants, and antitumoral agents. The further natural GST substrates 

contains steroids, leukotrienes, anthocyanines, and organic isothiocyanates [129, 

130].  

Many different types of reaction are catalyzed by GSTs. The transferases form 

thioeter bond between GSH and molecules containing electrophilic center by a 

process named as substitution reaction. These enzymes are also involved in 

nucleophilic addition reactions [131]. This reaction can be exemplified by addition 

of glutathione thiolate to carbon-carbon bond in an unsaturated carbonyl molecule. 

Reduction of organic hydroperoxides and steroid isomeration are the other types 

of GST-catalyzed reactions [62]. 
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Besides serving as a catalyst for conjugation reactions, GSTs also have several 

non-catalytic functions. Several GSTs have selenium-independent peroxidase 

action. Selenium-independent activity of GSTs provide protection from phosholipid 

oxidation, degredation of nucleic acids by hydroperoxide activity. The conversion 

of lipid hydroperoxides to alcohols prevents their participation in free radical 

propagation reactions during oxidative stress. Human GSTO1–1 with a non-

detoxification function modulates ryanodine receptors (RyR), a group of calcium 

channels in the endoplasmic reticulum of cardiac and skeletal muscle cells. 

Human omega class GSTs also possess dehydroascorbate reductase and 

thioltransferase activity [132-134], and prostaglandin D synthase activity was 

demonstrated for human sigma GST [135].  

GSTs can also act as regulators in various cellular events through protein-protein 

interactions. The most important of these are signal transduction pathways. The 

subunit of the monomeric GSTP1 interacts directly with c-Jun N-terminal kinase 1 

(JNK1), suppressing the activity of JNK1. In the case of oxidative stress, the 

GSTP1 subunits are oligomerized and release active JNK1 into the environment, 

and thus GSTP1 regulates the response of the cell to oxidative stress. Another 

GST isoenzyme, GSTM1-1, functions as a regulator of MAP kinase pathway by 

binding to various kinases in this pathway [125, 132]. A group of isoenzymes have 

a role in ion channel modulation [130]. 

Furthermore, cytosolic GSTs have the ability to bind hydrophobic molecules 

without non-catalytic reactions. This property is known as ligand function. Ligandin 

site binds compounds including steroid and thyroide hormones like bilirubin, 

hemes, bile salts and penicillin. It is thought that GSTs can provide protection 

against harmful effects of hydrophobic molecules on the cell by binding 

compounds which may affect normal cell functions [130]. 

2.4.1. Structure of the GSTs 

GSTs conssist of two sub-units existing as homodimers and heterodimers that 

each sub-unit in the dimeric protein functions independently [133-135]. GSTs are 

dimeric enzymes and contains two different domains in each monomer that are 

approximately 26 kDa in size. Kinetic and binding assays show that each subunit 

has independent active regions. The polypeptide chain of each GST subunit 

comprises two domains combined by short linker regions [136-142].  
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N-terminal domain consists of 80 amino acids arranged in a β-shhet and three α-

helix structure. This domain is responsible for connection of GSH and includes 

much of the G-site. C-terminal domain consists of amino acid arranged in the 

remaining 5 or 6 α-helix structure and includes whole of the H site that binds 

various range of hydrophobic substrate [142-147] 

2.4.2. Classification of GSTs 

GSTs are common in all living organisms, from proteobacteria, cyanobacteria and 

fungi to plants and animals. Plural isoforms of GSTs are stated in organism. The 

GST superfamily have been fundamentally sub-divided into an ever-rising number 

of classes trust on a numerous of factor, containing substrate selectivity, position 

of introns within the genes, inhibitor sensibility, immunologic cross reactions, 

tertiary and quaternary structure of their respective complexes [148-151].  

Based on the amino acid sequence, three-dimensional structure, function, and 

subcellular localization, proteins with glutathione transferase activity are 

distinguished into 3 subfamilies. Cytosolic and mitochondrial GSTs are similar in 

three-dimensional folds, and these groups are called soluble GSTs. The GSTs in 

this group have a varity of isoenzymes. Expression levels of these isoenzymes 

differ in tissues. Soluble GST isoenzymes are distinct with regards to differences 

between amino acid sequences and isoelectric points. Another subfamily 

comprises microsomal GST which is also called as membrane-associated proteins 

in eicosanoid and glutathione (MAPEG) metabolism. Microsomal GSTs have no 

structural similarity with soluble groups, their primary structure is different from 

cytosolic and mitochondrial GST forms [149].  

Cytosolic GSTs represent the major family of such transferases. According to the 

primary structure, cytosolic GSTs have been further sub-divided into various 

species-independent classes, and numerous of them are particular to phyla. Up to 

date, 13 various cytosolic GST classes have been identified. 7 classes  of  

cytosolic GSTs include minimum 16 genes are recognized in human and other 

mammalian species, designated as Alpha (α), Mu (µ), Pi (π), Sigma (σ), Theta (θ), 

Zeta (ζ), Omega (ω). Other classes of this superfamily, called Beta (β), Delta (δ), 

Phi (φ), Epsilon (ε) and Lambda (λ) are represented in prokaryotes, invertabrates, 

and plants. Cytosolic GSTs at a similar class have more than about 40% identity in 

terms of primary structure while those in different classes have less than 25% 



20 
 

identity. Amino acid sequence at the amino end of cytosolic GSTs take attention 

because this region that is an impotant part of catalytic site tends to be more 

conserved than others within the classes [139,152-154]. 

2.4.3. Role of GSTs in Drug Resistance 

Chemotherapeutic resistance continues to be the major obstruction in the medical 

oncology. Cancer cells can change metabolic and signaling pathways responsible 

for drug metabolism. Among these mechanisms, alterations in expression profile 

and enzymatic activity of several DME have a significant role in resistance to 

chemotherapeutic agents. GST-mediated detoxification of electrophilic alkylating 

drugs, and elevated levels of GSH and GSTs in drug-resistant cell lines led 

researchers to modulate GSH pathways [156]. 

In cancer cells within the same tumor, there tends to be a strong genomic 

instability that leads to highly variable expression of GSTs. It is well known that 

overexpression of GSTs have a significant role in chemotheraputic resistance or 

sensitivity. GSTs encourage the development of resistance to anticancer drugs via 

suppressing apoptosis through its ROS-scavenging activity as well as displaying 

inhibitory effect on the MAP kinase cascade. Diverse array of cancer 

chemotherapeutics such as chlorambucil, cyclophosphamide, melphalan are 

metabolized by GST-mediated detoxification reactions. GSH metabolism can 

detoxify many chemotherapeutic agents that decompose to produce electrophilic 

species. The importance of GSTs in detoxfication of some chemotherapeutics 

including busulfan, chlorambucil, adriamycin, cisplatin or melphalan and the 

correlation between overexpression of GST and chemotherapeutic resistance 

have been evaluated [157-159].  

Alpha, pi and mu classes of GST are the most expressed isozymes in drug-

resistant cancer cells. The functions of GSTs in signal transduction pathways are 

thought to contribute to the development of resistance. For example, over-

production of GST-pi in tumor cells is thought to suppress the activity of JNK1, 

which directs the cell to apoptosis, thereby inhibiting apoptosis and inactivating 

treatment . For this reason, in order to overcome drug resistance and increase the 

effectiveness of cancer treatment, new GST inhibitors are investigated [154,156]. 
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2.5. Colorectal Cancer (CRC) 

It is the third most common cancer in men (746.000 new cases per year) and 

second most common cancer in women (614.000 new cases per year) worldwide, 

and the third leading cause of cancer-associated mortality, with approximately 

700.000 deaths each year. The 5-year survival rate for patients with metastatic 

colon cancer at the time of diagnosis is less than 10% the median survival time 

without chemotherapy is approximately 5 months. CRC prevalence is expected to 

increase appreciably in most developed countries as a result of population growth 

and aging, because CRC incidence increases with age [160-163].  

CRC can be subdivided into several categories due to the mechanisms 

responsible for genomic instability. Among the three categories of genetic 

disruption, prevalence of microsatellite instability (MSI) and chromosal instability 

(CIN) in patients with CRC is very high. MSI is characterized by the accumulation 

of satellite repeats as a resulf of defects in any of the DNA mismatch repair (MMR) 

genes. Another type of genom instability is the CIN which develops due to the 

alterations in the chromosome number and/or structure [163].  

CRC presents in one of three patterns: inherited, familial, and sporadic. Inherited 

and familial CRC derive, at least in part, from germline mutations. Inherited CRC 

accounts for 10 % of cases and presents as well-characterized cancer 

predisposition syndromes including Lynch syndrome and familial adenomatous 

polyposis (FAP). Familial CRC accounts for 25 % of CRCs and presents without 

precisely defined Mendelian inheritance  or genetic etiology. Sporadic CRC 

derives from somatic mutation, accounts for approximately 70 % of CRCs,  and is 

not associated with family history [161]. 

2.5.1. Treatment of CRC 

Medical treatment, radiotherapy and surgical treatment constitute the treatment 

modalities in patients with CRC. Surgery is the main treatment modality for 

locoregional CRCs. Adjuvant chemotherapy reduces the risk of recurrence in 

colon cancers. Neoadjuvant chemo or radiotherapy in rectal cancers is used to 

increase resectability, to protect the sphincter and to prevent localized metastases 

[161]. Adjuvant chemotherapy is used to prevent distant metastases. 

Chemotherapy is applied in stage IV diseases. For liver metastases, there is a 

consensus that all patients who can be resectable should be taken to surgery. 
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Neoadjuvant and adjuvant therapies are applied in patients who cannot be 

operated [163]. 

 

 Chemotherapeutic drug combinations used in neoadjuvant therapies: 

1.  5-Fluorouracil (5-FU) + Radiation therapy [1000 mg/m2/day (i.v) 1-5 days/week 

(5-FU) +180 cGy / 1-5 days/week] 

2. Capecitabine + Radiation therapy [825 mg/m2/day (PO) 1-5 days/week 

(Capecitabine) + 180 cGy/ 1-5 days/ week] 

 Chemotherapeutic drug combinations used in adjuvant therapies: 

1. 5-Fluorouracil (5-FU) + Leucovorin (LCV) [425 mg/m2/day (i.v) 1-5 days/week 

(5-FU) + 20 mg/m2 /day (i.v) 1-5 days/week (LCV)] 

2.  Oxaliplatin + 5-Fluorouracil (5-FU)  + Leucovorin (LCV) (FOLFOX4) [85 mg/m2 

(iv) 1st day (Oxaliplatin) +400 mg/m2 (iv) 1st and 2nd day (5-Fluorouracil) +200 

mg/m2 (iv) 1st and 2nd day (LCV)] 

3. 3. Oxaliplatin + Capecitabine (XELOX) [130 mg 1 day (Oxaliplatin) + 1000 

mg/m2 PO 1-14 days (capecitabine)] 

 Chemotherapeutic drug combinations used in metastatic conditions: 

1.  Irinotecan + 5-Fluorouracil (5-FU) + Leucovorin (LCV) [125 mg/m2 (i.v) 4 

weeks (Irinotecan) + 500 mg/m2 (i.v) 4 weeks (5-FU) + 20 mg/m2 (i.v) 4 weeks 

(LCV)] 

2. Irinotecan + 5-Fluorouracil (5-FU)  + Leucovorin (LCV) + Bevacizumab (BV) 

[125 mg/m2 (i.v) 4 weeks (Irinotecan) + 500 mg/m2 (i.v) 4 weeks (5-FU) +20 

mg/m2 (i.v) 4 weeks (LCV) + 5 mg/kg (i.v) 2 weeks (BV)] 

 

2.5.2. CRC, EMT and Drug Resistance 

Chemotherapy is still one of the most important adjuvant therapy options in CRC 

treatment. However, the resistance of CRC cells to conventional 

chemotherapeutics is the most important problem in CRC treatment. Researchs 

show that EMT is responsible for cancer formation, metastasis and drug 

resistance in CRC as well as in many tumor types. In a study, a 5-FU resistant HT-

29 CRC cell line was developed by treating the cells with increased concentration 

of 5-FU. Elevated expression levels of EMT-associated regulators including Twist 

and Zeb family with the increased doses of the drug is reported. In addition, EMT 
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markers were screened in the drug-resistant cell line and reduction in epithelial 

biomarkers such as E-cadherin and overexpression of fibronectin, an important 

mesenchymal marker, were reported [160].  

In another study, it has been reported that the cellular changes associated with 

EMT such as polarity loss and intercellular cleavage have been observed in 

KM12L4 and HT-29 CRC cells that are resistant to oxaliplatin. In the same study, 

reduction in expresson of E-cadherin was observed. Translocation of  β-catenin to 

nucleus was also observed [Yang, 2006]. Although there are studies showing the 

relationship between chemotherapeutic resistance and EMT in CRC, the 

mechanism of EMT and resistance relationship has not been elucidated yet [163]. 

2.6. Nano-sized Drug Delivery Systems in Cancer Treatment 

The engineering, synthesis, and use of materials and devices at the nanoscale is 

called nanotechnology [164]. Most of scientific branches including biology, 

chemistry, mathematics, physics, electrical engineering, material science, and 

pharmaceutical science all are involved in the field of nanoscale technology, hence 

nanotechonology designates as interdisciplinary field. Physicochemical properties 

and functionalities of nanosized materials are remarkably different from those in 

the bulk owing to surface and quantum size effects. These unusual physical and 

chemical properties offer nanomaterials great potential for biomedical applications, 

given the range of biological processes that occur at the molecular or nanoscale 

level. Nanotechnology has also led innovative applications in medicine. Influence 

of nanotechnology in medicine can mainly be seen in drug delivery systems as 

well as regenerative medicine [165, 166]. 

According to the NCI, nanosized drug delivery systems are the carriers that are 

typically 300 nm or smaller in size. Nanosized drug delivery systems not only 

transport the drugs or other therapeutic agents, also lead to improved 

pharmacokinetic and pharmacodynamic profiles of therapeutics. Nano-sized 

delivery systems are innovative approaches to deliver a therapeutic agent to the 

target cellular compartment or tissue with the improved pharmacological 

responses. Furthermore, in the past two decades continued progress in 

processing nanosized drug delivery systems has lead to the innovative and 

promising applications in health-care systems. From diagnose the disease with 

nanotechnology-based sensors to treatment in molecular level, nanosized delivery 
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systems in various forms such as liposomes, polimeric nanoparticles, 

nanocapsules, quantum dots, carbon nanotubes have attracted attention [167-

169].  

One of the potential applications of nanotechnology is in the treatment of cancer. 

Conventional methods for cancer treatments including chemotherapy, surgery, or 

radiation have some challenges such as non-specificity and toxicity. Innovative 

technologies are needed to overcome multidrug resistance, and increase drug 

localization and efficacy. The challenge of current drug therapy is the optimization 

of the pharmacological action of the drug, and the minimization of its toxic side 

effect. Local concentration of the drug at the cancer sites needs to be high, while 

at other tissues low to prevent any negative reactions. Application of 

nanotechnology in cancer treatment has the potential to solve these limitations 

and new horizons have been opened in the treatment of cancer with targeted 

nano-sized drug delivery systems. Chemotherapeutics encapsulated in these 

nano-sized carrier systems do not interfere with healthy cells in the blood. In 

addition, since the size of the carrier is larger than the capillary holes in the healthy 

tissue and the drug is not free, the drug cannot pass from the blood circulation to 

healthy tissues and have no side effects. The drug remaining in circulation is 

removed from the circulation when it comes to cancerous tissue with holes in the 

size of the carrier, and allows the collection of the drug in cancerous tissue. This  

phenomenon is called the enhanced permeability and retention (EPR) [170-173]. 

2.6.1. Polymeric Nanoparticles 
2.6.1.1. Polymers Used for Preparation of Polymeric Nanoparticles 

Polymeric nanoparticles are known as colloidal solid particles of natural polymers 

such as chitosan and collagen or biodegradable polymers such as poly (lactic 

acid) (PLA) and poly (lactic co-glycolic acid) (PLGA). Thanks to their size these 

particles can easily pass through capillaries and allow for re-entanglement in areas 

affected by chemotherapeutic agents. An important part of these components is 

naturally formulated during the coupling by means of block polymers of at least 

two polymeric chains of different hydrophilicity [174-177].  

Polyester PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid 

(PGA). It is the best defined biomaterial available for drug delivery with respect to 

design and performance. PLGA has been certified by FDA and the European 
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Agency for Medical Medicine (EMA) for parenteral studies due to its high 

biocompatibility. The presence of PLGA in commercial activities, positive 

deterioration in physiological conditions, low side effects, regulation of surface and 

physicochemical characteristics, continuity, high biocompatibility and predictable 

biodegradability have shown PLGA as the most remarkable polymeric drug carrier 

in many clinical studies. PLGA can be easily metabolized through hydrolysis of 

ester bonds in vitro and in vivo. The polymer bonds can undergo a total 

deterioration, and this deterioration is usually carried out in a similar manner 

throughout the PLGA matrix. The carboxylic ends in the PLGA bonds, with the 

separation of the polymer bonds, continue to biodegrade and increase their 

number. These conditions are considered to catalyze the stages of biological 

dissolutionhowever, it is known that significant fragments are internally deformed 

more and the amorphous regions are more degraded than in the crystalline 

regions. The biological degradation states of PLGA polymers are associated with 

lactic and glycolic acid ratio, molecular weight, crystallinity ratios of the polymer 

and the Tg of the polymer [178-182].  

It has a significant role in determining release profile and doses. PLGA delivery 

systems have a known biphasic curve in drug release. The forms of encapsulated 

drugs, the properties of the drugs and the hydrophobicity of the polymer determine 

the rate of reaction during the first explosion. In the next step, the water matrix 

performs hydrolysis, and then the drug is systematically removed from the thicker 

layers of the PLGA matrix [183, 184].  

2.6.1.2. Nanoparticle Preparation Methods 

Preparation method is determined according to chemical properties of the polymer 

used and solubility of pharmaceutical agent. As nanoparticle preparation methods, 

methods based on in situ polymerization of monomers in various environments 

were used [173, 174]. 

2.6.1.2.1. Polymerization Method 

In this method, monomers are polymerized to provide nanoparticles in aqueous 

solution. The drug is loaded by dissolving it in the polymerization medium or by 

adsorption onto the surface of the nanoparticles after the polymerization is 

complete. The nanoparticles are then purified to remove stabilizing agents and 

resuspenden in a non-surfactant-containing isotonic medium [174]. 
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2.6.1.2.2. Interfacial Polymerization Method 

In this method, the polymerization of the monomer at the interface results in 

formation of nanoparticles. Emulsion containing surfactant and organic solvent is 

used as an outer phase. The monomer solution is added to this emulsion to form 

the polymer. The formed nanoparticles are separated by centrifugation, washed 

and lyophilized [182]. 

2.6.1.2.3. Micelle Polymerization 

In this process, the continuous phase of which is organic phase, monomers with 

high solubility in water cannot be diffused from micelles to organic phase due to 

their low fractional coefficients. The water-soluble monomer solution is dispersed 

in the hydrophobic phase by the help of surfactants and the micelles are obtained. 

A solid granular colloidal system is obtained by the help of an energy such as x-

ray, IR beam, which is used as the polymerization initiator, and the nanoparticles 

are separated from the medium by ultracentrifugation [182]. 

2.6.1.2.4. Emulsification-Solvent Evaporation Method 

In the method of forming a double emulsion in which the peptide, protein and other 

macromolecules are entrapped, the aqueous solution of the active ingredient is 

dispersed in the polymer solution and an aqueous solution of the oil/water 

emulsifier is added to the mixture. Subsequently, the water/oil/ water emulsion 

forms droplets of the polymer solution containing the drug solution, and after the 

solvent is evaporated, the nanoparticle suspension containing the aqueous 

solution of the active substance is obtained [178]. 

2.6.1.2.5. Nanoprecipitation 

Nanoprecipitation, also known as solvent displacement, is a method for developing 

nanoparticles and microparticles. The polymer dissolved in water-miscible organic 

solvent is added dropwise to the aqueous phase under moderate magnetic stirring 

and homogenized. The organic solvent is then removed and the nanoparticles are 

obtained. The nanoprecipitation method has several advantage that it allows the 

formation of nanoparticles immediately and in a single step and is simple and fast 

to apply. In this method, two dissolving solvents are required. The organic phase 

has to dissolve polymer and the active ingredient. Polymer should not be dissolved 

in the aqueous phase.  When the polymer solution is added to the non-soluble 

phase, nano-precipitation occurs by rapid addition of the polymer. The polymer is 
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degraded by diffusion of the solvent containing the polymer into the mixed phase. 

Nanoprecipitation generally allows the preparation of nanoparticles in a narrow 

range of dispersion and in the size of 10-300 nm with polymers such as PLGA 

cellulose derivatives, polycaprolactone (PCL) [182, 183].  

2.6.1.3. Characterization of Nanoparticles 
2.6.1.3.1. Particle Size 

In nanoparticles having a particle size of 10 to 1000 nm, the particle size 

distribution is determined by Coulter Nanosizer and Malvern devices. The Coulter 

Counter device has a capillary flow cell. When the dispersion medium of 

nanoparticles is passed between the two electrodes, the resistance of the liquid is 

continuously measured. Particle volume depending on electrical resistance 

alterations. The Malvern device is operated by light scattering. The dynamic light 

scattering method is based on the measurement of the intensity and change of 

light scattering from small particles in the solution. The change in scattered light 

intensity depends on the particle movement and thus the particle size, the 

viscosity of the environment and the temperature. Colloidal suspensions are 

characterized by two basic light scattering methods. Static light scattering method 

is used to determine the molecular weight of the polymers, the turning radius and 

the second viral coefficient. Dynamic light scattering method is used to obtain 

hydrodynamic magnitude, diffusion coefficient, distribution index and particle size 

distribution. Combining two techniques gives information to determine the particle 

structure in solution. Transmission Electron Microscopy (TEM) is an another 

method that is used to determine the particle size and morphological properties of 

nanoparticles, which provides higher resolution and magnification imaging when 

compared to Scanning Electron Microscopy (SEM) [171-174,182,183]. 

2.6.1.3.2. Zeta Potential 

The DLVO (Derjaguin-Landau-Verwey-Overbeek) theory explains the energy of 

the interaction between the suspended and emulsified particles and gives 

information about the stability of the colloidal systems. According to the DLVO 

theory, the force on the particles in a colloidal distribution comes from electrostatic 

repulsion and Van der Waals tensile forces. At short distances there is a strong 

attraction between the particles, but as the distance between the particles 

increases, the electrostatic repulsion energy falls more rapidly than Van der Waals 
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gravitational energy, and the net effect is seen as weak shots. At medium 

distances, electrostatic repulsion is dominant and the net interaction has maximum 

potential. The pull-through force between the particles depends on the 

characteristic and size of the particle. The electrostatic thrust depends on the 

surface potential, surface load density and is directly related to the zeta potential. 

Zeta potential is defined as the sum of the loads that the particles have in a given 

environment. The value of the zeta potential gives information about the possible 

stability of the colloidal system. If all the particles have a high negative or positive 

zeta potential, they push each other and the dispersion becomes resistant. If the 

particles have a low zeta potential, then there is no force to prevent the 

combination of particles and the dispersion is not resistant. Generally, the 

formation of aggregate is seen less with high zeta potential. Zeta potential value, 

approximately +/- 30 mV and above is indicative of stable nanoparticle suspension 

[181,183]. 

2.6.1.3.3. In vitro release 

Release from the nanoparticles is due to the dissolution of the drug from the 

particle surface, solubility, leakage, matrix erosion and diffusion mechanisms. The 

drug is released by polymer degradation from the nanoparticles prepared with 

biodegradable polymers. The degredation rates are based on the alkyl chain 

length. The degradation from the polymer surface can be chemical or enzymatic. If 

the drug diffusion exceeds the matrix erosion, the release is controlled by the 

diffusion mechanism. Since the diffusion distance is very short due to the particle 

size, the systems that release by this mechanism do not show controlled and 

sustained release.  

The weak binding of the drug to the nanoparticles or the adsorption on the wide 

surface of the nanoparticles results in a sudden release of the drug that is called 

burst effect. The release rate of the drug can be reduced and the extended release 

properties can be increased according to the nanoparticle preparation method.  If 

the nanoparticle is coated by a polymer, the rate of release is determined by 

diffusion from the polymeric membrane. In addition, the release rate can be altered 

by the ionic interaction between the drug and the added excipients. If the drug and 

the adjuvant form a complex that is less soluble in water, the drug release rate 

may decrease and no immediate release effect is observed [173,182,183].  
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2.7. GST Inhibitor ETA 

Many GST inhibitors have been developed to date to overcome the drug 

resistance. Compounds analogous to GSH are known as competitive inhibitors of 

the GSH binding site. The purpose of using these compounds is to increase 

isozyme selectivity or stability of the drug. One of the most studied GST inhibitor is 

ETA. This molecule, which is the reversible inhibitor of GST-π, binds to the H 

region of the enzyme with low affinity, and  conjugated with GSH, it is easily 

excreted from the cell. Some pathways and mechanisms were discovered for the 

inhibition of the GST enzymes by ETA. ETA has been shown to be a substrate of 

reduced GSH, on the other hand nonenzymatic GSH conjugation of ETA also 

exist. Additionally it was shown that the ETA glutathione conjugate was an inhibitor 

of GSTs as well due to its stronger affinity for the enzymes. So ETA itself inhibits 

GSTs through reversible covalent binding and the ETA glutathione conjugate is 

another strong inhibitor of GSTs [157, 158].  

 

Figure 2.4. Chemical structure of ETA 
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3. MATERIALS and METHODS 
 

3.1. MATERIALS 

HT-29 CRC cells (ATCC HTB-38) and L929 (NCTC clone 929) were purchased 

from ATCC (Virginia, USA). Cell culture media, supplements and reagents  were 

purchased from Capricorn (Germany) and Thermo Fisher Scientific (USA). 

Recombinant TGF-β1 was purchased from eBioscience (USA). Antibodies to 

SNAIL, SLUG, Vimentin, β-catenin, and N-cadherin were purchased from 

Elabscience (USA). Mouse monoclonal antibody against human E-cadherin and α-

SMA were from R&D systems (Abingdon, UK). Alexa Fluor secondary antibodies 

were purchased from Elabscience (USA). Total RNA extraction kit, cDNA 

synthesis kit and SYBR Green PCR Master mix kit were purchased from Capricorn 

(Germany). Gene-specific primers for RT-PCR were purchased from Sentegen 

Biyotek (Ankara, Turkey). GST-π, GST-µ and MDA ELISA kits were purchased 

from Elabscience (USA).  

PLGA (50:50) (RG 502H) (Molecular Weight: 24,000 - 38,000 Da) was purchased 

from Evonik (Germany). CA (PEG) was purchased from Sigma-Aldrich (Germany). 

The active ingredient, Ethacrynic acid (ETA) was purchased from Santa Cruz 

(USA). All organic solvent used were analytical grade and purchased from Sigma 

(Germany). Dialysis Tubing Cellulose Membrane (avarage flat width 25mm, MW 

cut-off 12.000 Da)  was purchased from Sigma-Aldrich (Germany). Triptic Soy 

Broth, Fluid Thioglycollate Medium and Malt Extract Broth for nanoparticles’ 

sterility control test were purchased from Merck (Darmstadt, Germany). Syringe 

filters with 0.22 and 0.45 µm pore sizes were purchased from Sigma-Aldrich 

(Germany). 

Oxaliplatin, 5-Fluorouracil and Leucovorin were purchased from Sigma-Aldrich 

(Germany) for combination therapy studies. Thiazolyl Blue Tetrazolium Bromide 

(MTT) was purchased from Sigma-Aldrich (Germany) for cytotoxicity tests.  

Male Wistar rats for in vivo CRC and EMT model establishment were purchased 

from Kobay A.S. Experimental Animals Laboratory (Ankara, Turkey). Cyclosporin 

A for supression of immunsystem of animals was purchased from Sigma-Aldrich 

(Germany). Primer and sekonder antibodies for immunhistochemistry analysis 

were purchased from Elabscience (USA).  
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3.2. METHODS 

This thesis work was carried out in 5 different stages: 

 In vitro EMT Modelling and Demonstrating EMT 

 Determination of Expression Levels of GST-π and GST-μ Isoenzymes in 

Epithelial and Mesenchymal Phenotypes of HT-29 cells, Activity Assay and 

Inhibition of GST Isoenzymes 

 Preparation of ETA (GST inhibitor) Loaded and Mesenchymal 

PhenotypeTargeted Nanosized Formulations  

 In Vitro Studies 

 In Vivo Studies 

 

3.2.1. In vitro EMT Modelling and Demonstrating EMT 
3.2.1.1. Cell culture 

HT-29 CRC cells were cultured in McCoy's 5A medium supplemented with 10% 

heat inactivated fetal bovine serum (FBS), and 1% Penicillin-Streptomycin solution 

at 37°C in a humidified incubator with 5% CO2. The growth medium was changed 

every 2-3 days. The cells were passaged upon reaching 70-80% of confluency.  

Subculturing procedure 

 Prior to passaging the cells, medium was removed and discarded.  

 The cell layer was rinsed twice with 5 ml of phosphate buffer saline (PBS) to 

remove all traces of serum which contains trypsin inhibitor.  

 Pre-warmed Trypsin-EDTA solution (3 to 4 ml) was added to the flask in order 

to degrade the anchoring proteins and allowed the content to cover the cell 

layer. Flasks were incubated at 37°C for about 5-10 minutes. 

 The cells were examined with an inverted microscope to ensure all the cells 

were detached and in suspension. 

 Upon detachment, trypsin was inactivated by the adding of two volume of 

complete medium to the flask.  

 After gentle pipetting up and down several times, cell suspension was 

transferred to a centrifuge tube and centrifuged at 250 g for 5 minutes to pellet 

cells.  
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 The supernatant was carefully discarded and the pellet was resuspended in 

complete medium. The required amount of cell suspension was added to 10 ml 

of fresh medium in a new 75 cm2 flask. 

Counting and determining the viability of cells 

The cell viability and viable cell yield in cell suspension were determined with the   

trypan blue exclusion method as described at the below: 

 100 µl of 0.4% Trypan Blue Stain and 400 µl of cell suspension were added to 

a 1.5 ml microcentrifuge tube and mixed vigorously by pipeting. 

 100 µl of Trypan Blue-treated cell suspension was applied to each chamber of 

the haemocytometer by pipetting and allowing the chamber to be filled by 

capillary action. 

 Under the light microscope, using the 10X objective and focusing on the 

gridlines of the chamber, the unstained cells (live cells do not take up Trypan 

Blue) in one set of 16 squares were counted.  

 Cells that were on the lines were counted only if they lied on the bottom and 

right-hand lines of each square.  

 Cells stained with Trypan Blue were also be counted to determine viable cell 

yield.  

 To calculate the number of viable cells in 1 ml cell suspension, following 

formula was used: 

cell number in ml=Avarage number of cells×dilution factor×10.000 

 

3.2.1.2. In vitro EMT Modelling in HT-29 CRC Cell Line 

As an in vitro model for EMT, HT-29 CRC cells were induced by TGF-β1. For this 

purpose, 1x105 HT-29 CRC cells were plated in 6-well plate. 70-80% confluent 

cultures of cells were serum-starved overnigt prior to stimulation with TGF-β1. The 

cells were incubated with various concentrations of TGF-β1 (0.5 ng/ml, 5 ng/ml, 10 

ng/ml, 20 ng/ml and 40 ng/ml) for different time intervals (24 hours and 48 hours) 

at 37°C in a humidified incubator with 5% CO2. All experiments were performed in 

triplicate wells for each condition and repeated at least three times. 
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3.2.1.3. Evaluation of the Molecular Markers of EMT 

Total RNA isolation 

Total RNA was purified by Hybrid-R™ RNA extraction kit (GeneAll) following 

manufacturer's instructions.  

 The growth medium was collected and stored at -80°C for further studies.  

 The attached cells were homogenised with RiboEx™ at room temprature for 5 

minutes. 

 200 µl of chloroform was added to the homogenised cell lysate and incubated 

at room temprature for 2 minutes.  

 To separate the cell debris and RNA, the mixture was centrifuged at 12.000 x g 

for 15 minutes at 4°C and the aqueous phase was transferred to a fresh tube. 

 One volume of RBI buffer was added to supernatant and the mixture was 

transferred to mini column. The column was centrifuged at 12.000 x g for 30 

seconds at room temperature in order to bind RNA.  

 The column membrane was washed one time with  SWI and one time with 

RNW buffer to avoid residual chloroform.  

 RNA was eluted by adding 100 µl of RNase-free water and centrifuged for 1 

minute at 12,000 x g. 

 RNA concentration and purity ratios were then evaluated by measuring the 

absorbance of UV light and calculating the 260/280 ratio using NanoDropTM 

1000 spectrophotometer (Thermo Scientific).  

 Subsequently, samples were used for complementary DNA (cDNA) synthesis 

and stored at -80ºC until required. 

Complementary DNA (cDNA) synthesis 

cDNA was synthesised by HyperScript™ first strand synthesis kit (GeneAll) 

following instructions of manufacturer. 

 Following reagents (Table 3.1) were mixed on ice and mixture was incubated 

at 65°C for 5 min.  
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Table 3.1. Reagents for the first step of cDNA synthesis 

Template RNA Total RNA 1 µg 

Primer  random hexamer primers 

oligo dT 

0.75 µL 

0.75 µL 

10 mM dNTPs 

DEPC-treated water 

1 µL 

to 14 µl 

 

 Samples chilled on ice at least 1 minutes, and then following reagents (Table 

3.2) were mixed on ice.  

Table 3.2. Reagents for the second step of cDNA synthesis 

10X RTase reaction buffer 2 µL 

0.1 M DTT 2 µL 

HyperScript™ Reverse Transcriptase 1 µL 

ZymAll™ RNase Inhibitor 2 µL 

 

 Sample were centrifuged briefly and incubated at 25°C for 5 min, followed by 

55°C for 50 min.  

 Termination of the reaction was occured at 85°C for 5 min. 

 

Quantitative polymerase chain reaction analysis (qRT-PCR) 

EMT markers both in nontreated and TGF-β1 treated HT-29 CRC cells were 

determined by qRT-PCR. SYBR Green were used for performing qRT-PCR 

analyzes following instructions of manufacturer. 

Primer-BLAST program (NCBI) was used for generating candidate primer pairs for 

associated genes. Table 3.1 showed human specific primers’ sequences.  

Applied Biosystems 7500 Real-time PCR system (Applied Biosystems, Foster 

City, CA, USA) was used for the qRT-PCR analysis by following the recommended 

protocol. The ΔΔCt method was used for performing relative gene expression 

analysis to determine the expression level of each target gene. The results from 

the qRT-PCR were analyzed using the 7500 Software version 2.0.5 (Applied 

Biosystems, Foster City, CA, USA). In each sample, the mean quantity of each 
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gene was normalized with mean quantity of endogenous control (housekeeping 

gene).  Human GAPDH was the gene. 

qRT-PCR reactions were conducted in triplicate wells for every gene and at least 

three independent experiments were performed. Water was added to three wells 

instead of cDNA as a negative controls. 

Table 3.3. The sequences of human specific primers for EMT-associated markers 

 

3.2.1.4. Immunofluorescence Staining 

 104 HT-29 CRC cells per well were cultured in 8-well chamber slides. 

 Cells were allowed to attach overnight prior to TGF-β1 induction. EMT was 

induced as described in the Section 3.3.1.2.  

 List of antibodies and the protocol used for immunofluorescence studies at the 

end of the induction period was schematized in Table 3.4. and Table 3.5., 

respectively. 

 

Table 3.4. List of antibodies used for immunofluorescence studies 

Primary 
antibodies 

Species Type Dilution Supplier 

Vimentin Mouse Monoclonal 1:100 Elabscience 

SNAI Mouse Monoclonal 1:100 Elabscience 

N-cadherin Mouse Monoclonal 1:100 Elabscience 

β-catenin Mouse Monoclonal 1:100 Elabscience 

E-cadherin Human Monoclonal 1.200 Abcam 

Vimentin Rabbit Monoclonal 1.200 Abcam 

FORWARD (5'-> 3') REVERSE (5'-> 3')

GAPDH CATCAATGGAAATCCCATCA TTCTCCATGGTGGTGAAGAC

E-cadherin TTCTGCTGC TCTTGCTGTTT TGGCTCAAGTCAAA GTCCTG

Vimentin ATCTGGATTCACTCCCTCTGGTT GTGATGCTGAGAAGTTTCGTTGATA

N-cadherin CCATCAAGCCTGTGGGAATC GCAGATCGGACCGGATACTG

SNAIL CCTCCCTGTCAGATGAGGAC CCAGGCTGAGGTATTCCTTG 

SLUG ACCGAGTGAGAGGCAACC TGAGAAAGGAGACCCAGCAG

Fibronectin ACCAACCTACGGATGACTCG GCTCATCATCTGGCCATTTT

a-SMA CTGGCATCGTGCTGGACTCT GATCTCGGCCAGCCAGATC

Occludin CAGCCACTGAAAGGAAAGGC CCTCCTGGGTGCCTCTAGAAT
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Table 3.5. Protocol for immunofluorescence staining 

Washing cells 3 times with PBS 

 

Fixation with methanol (+ 4°C, 15 min) 

 

Washing cells 3 times with PBS 

 

Blocking with 10% goat serum (1 h, RT) 

 

Washing cells three times with PBS 

 

Incubation with EMT-associated primary antibodies (+ 4°C, overnight) 

 

Washing cells with 0.1% Tween-20 in PBS. 

 

Incubation with FITC-conjugated secondary antibodies (RT, 1 h) 

 

Washing cells with PBS 

 

Mounting with anti-fade medium 

 

Visualization of nuclei with DAPI 

 

 All treated and untreated samples were photographed using immunofluorescence 

microscope and identical exposure times. 

 

 

3.2.2. Determination of the Expression Levels for GST-π and GST-µ 

Isoenzymes in Epithelial and Mesenchymal Phenotypes of HT-29 
Cells, Activity Assay and Inhibition of GST Isoenzymes 

In all subsections of this part, 1x105 and 2x104 HT-29 CRC cells/well were cultured 

either in six-well plate or in 24-well plate, respectively. Upon reaching 70-80% 

confluency, medium was replaced with serum-free media and incubated at 37°C in 

a humidified incubator with 5% CO2 overnight. After serum-starving, medium was 
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replaced with serum-free media for epithelial phenotypes but in the case of 

mesenchymal phenotype induction, medium was replaced with serum-free media 

containing 10 ng/ml TGF-β1. Both epithelial phenotypes and mesenchymal 

phenotypes of HT-29 cells were incubated at 37°C in a humidified incubator with 

5% CO2 for 48 hours. 

3.2.2.1. Determination of Expression Levels for GST Isoenzymes in 
Epithelial and Mesenchymal Phenotypes of HT-29 Cells (qRT-PCR) 

48 hours after induction, the growth medium was collected for further studies and 

RNA extraction, cDNA synthesis and qRT-PCR techniques for both phenotypes of 

HT-29 cells were carried out as previously described in the Section 3.3.1.3. The 

primer sequences for GST isoenzymes were given in Table 3.3. 

 

Table 3.6. The sequences of human specific primers of GTSs 

 Forward (5'--->3') Reverse (5'--->3') 

GST-π CTAGGAGCAGCTTTGAAACGCAC CGTTGTTGGAGAATGTTGTACCGACG 

GST-µ TGCCATAATGCGCTACCTTG  AAGCATGATGAGCTGCATGC 

 

3.2.2.2. Determination of GST-π and GST-µ Protein Levels 

GST-π and GST-µ protein levels of epithelial and mesenchymal phenotypes of HT-

29 cells were determined by ELISA technique using a commercial kit 

(Elabscience, USA). The measurements were carried out in accordance with the 

manufacturer's protocol. Three independent experiments with triplicate 

measurements were performed for each sample.  

3.2.2.3. Treatment of Epithelial and Mesenchymal Phenotypes of HT-29 
Cells with GST Inhibitor ETA 

Inhibition potential of ETA towards GST isoenzymes for both epithelial and 

mesenchymal phenotypes of HT-29 cells was determined by IC50 curve analysis by 

plotting various concentrations of ETA versus the percentage inhibition of GST-π 

activity. The IC50 values were calculated as the concentration of inhibitor required 

for inhibiting the enzyme activity by 50% compared with the controls. For this 
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purpose, 10 mM stock solution of ETA in 20% ethanol were prepared initially, and 

subsequent concentrations were dilueted from this stock solution.   

HT-29 CRC cells were cultured in 96-well plate, upon completion of transition (48 

hours after TGF-β1 induction), both epithelial and mesenchymal phenotypes of 

HT-29 cells were treated by diferent concentrations of ETA for 24 hours. The 

inhibition was determined by GST-π and GST-µ protein level analysis in both 

phenotypes. Triplicate measurements were performed for each concentration. The 

cytotoxic effect of different concentrations of ETA on HT-29 CRC cells was 

determined by examining the cell viability assay by MTT. Table 3.7. shows the 

MTT assay protol. 

Table 3.7. MTT asay protocol 

Aspirate the medium 

 

Washing cells three times with PBS 

 

Adding 200 µl of 5mg/ml MTT (37°C, 4 h) 

 

200 µl of DMSO (mixing by pipeting) 

 

 Presence of viable cells was visualized by the development of purple color due 

to formation of formazan crystals and the absorbance intensity of formazan 

crystals was measured by a microplate reader at 490 nm with a reference 

wavelength of 620 nm.  

 All experiments were performed in quadruplicate, and the relative cell viability 

(%) was expressed as a percentage relative to the untreated control cells 

(185). 

3.2.2.4. Formation and Determination of Oxidative Stress in Epithelial and 
Mesenchymal Phenotypes of HT-29 cells 

Both of two phenotypes of HT-29 CRC cells were treated by different 

concentrations of hydrogen peroxide (H2O2) (10-160 µM) for different time intervals 

(60-120 minutes) to compare oxidative stress responses between two phenotypes 

of HT-29 cells. Oxidative damage was detected by the determination of MDA 

levels by ELISA kit due to the manufacturer’s instructions. Response to oxidative 
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stress in both phenotypes of HT-29 CRC cells was determined by the change in 

protein levels of GST isoenzymes. Protein level determinations of GST 

isoenzymes were performed as previously described in Section 3.3.2.2. The 

cytotoxic effect of different concentrations of H2O2 on HT-29 CRC cells was 

determined by examining the cell viability assay by MTT. 

3.2.2.5. Treatment of Oxidative Stressed Epithelial and Mesenchymal 
Phenotypes of HT-29 Cells with GST Inhibitor ETA 

Oxidative stress was formed in epithelial and mesenchymal phenotypes of HT-29 

cells as previously described in Section 3.2.2.4 and cells were exposured to 

various concentrations of ETA for 24 hours and 48 hours. The inhibition was 

detected as previously described in Section 3.2.2.2. 

3.2.3. Preparation of GST Inhibitor ETA Loaded and Mesenchymal 
PhenotypeTargeted Nanosized Formulations  

In this thesis, two different strategies were used to formulate ETA-loaded 

nanosized delivery systems. Firstly, ETA was encapsulated into PLGA-b-PEG 

nanoparticles via nanoprecipitation techique. Secondly, ETA was conjugated with 

PLGA-b-PEG polymer and resulting polymer was used to prepare nanoconjugate. 

3.2.3.1. Quantification of ETA by HPLC 

The amount of ETA was detected by a high pressure liquid chromatography 

(HPLC) method as described Lin et al. [186] with slight modifications.  

The chromatographic separation was performed using a Inertsil® ODS-3V column 

(5 μm; 4.6 mm × 250 mm). HPLC analysis was performed by isocratic elution with 

a flow rate of 1 ml/min and the injection volume was 10 µl. 

The mobile phase consisted of %41 water, 57% acetonitrile and 2% acetic acid. 

Then, mixture of mobile phase components in different ratios was elevated to 

achieve acceptable retention time.  

The ETA was quantified by a UV detector set at λ = 230 nm at 25 °C. All 

measurement were performed within the linear ranges of calibration curves. The 

method was validated through the parameters of linearity, accuracy, precision, 

selectivity, sensitivity and stability. 
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Linearity 

Linearity denotes the ability of the method to provide results directly proportional to 

the concentration of substance in question within a given application range.  

The method linearity was assessed by using calibration curve to calculate 

regression equation, coefficient of correlation, and intercept values. For this 

purpose, a 25 mg amount of ETA was accurately weighed, dissolved in acetone 

and diluted to volume in a 50 ml volumetric flask to obtain 500 µg/ml stock 

solution. Dilutions with mobile phase were performed in order to obtain solutions 

with concentrations between 2.5 µg/ml and 200 µg/ml, where an average 

concentration is 50 µg/ml. The calibration curve was plotted using peak areas of 

ETA versus ETA concentrations. 

Accuracy 

The accuracy of an analytical procedure expresses the closeness of agreement 

between the value which is accepted either as a conventional true value or an 

accepted reference value and the value found.  

Three samples at three different concentration levels 5 µg/ml, 50 µg/ml and 100 

µg/ml were prepared by dissolving it in acetone and diluting in 50 ml mobile phase 

as in sample solution preparation. The tests were conducted in sextuplicate for 

each concentration level and were assessed using Student’s t test by comparing 

results obtained against theoretical values defined for each analyzed 

concentration. 

Precision 

Precision is the variability in the data from replicate determinations of the same 

homogeneous sample under the normal assay conditions. Precision may be 

considered at three levels: repeatability, intermediate precision and reproducibility 

and usually expressed as the variance, standard deviation or coefficient of 

variation of a series of measurements. 

Repeatability expresses the precision under the same operating conditions over a 

short interval of time. For assessing the repeability, one of the concentrations of 

prepared ETA solutions (50 ppm) was chosen and analysed with 6 replicates time 
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after time. Mean values, standard deviation or coefficient of variation of a series 

were then calculated. 

Intermediate precision expresses within-laboratories variations: different days, 

different analysts, different equipment, etc. For assessing the inter-days, the 

chosen concentration (50 µg/ml) that was prepared in 3 consequtive days, was 

measured and mean values, standard deviation or coefficient of variation were 

then calculated. Reproducibility expresses the precision between laboratories. For 

assessing the reproducibility, 6 samples of ETA solution which are prepared at the 

same concentrations (50 µg/ml) were analysed and mean values, standard 

deviation or coefficient of variation were then calculated. 

Sensitivity 

Sensitivity of the method was determined by finding the limit of detection and limit 

of quantitation. Limit of detection (LOD) is the lowest concentration of analyte in a 

sample that can be detected, but not necessarily quantitated, under the stated 

experimental conditions. The minimum concentration (1μg/mL) at which a signal to 

noise ratio is 3:1 was accepted as detection limit. Limit of Quantification (LOQ) is 

the lowest concentration of analyte in a sample that can be quantified with 

acceptable precision and accuracy under the stated experimental conditions. The 

minimum concentration (1μg/mL) at which a signal to noise ratio is 10:1 was 

accepted as quantification limit.  

Specificity 

Specificity is the ability to determine the desired analyte in a sample that contains  

of all different potential components. The specificity of analytical methods is 

typically assessed by examining system interference with the detection and 

quantification of analytes.  

3.2.3.2. Synthesis of PLGA-b-PEG Copolymer 

PLGA-b-PEG co-polymer with carboxyl ended functional group was synthesized 

through formation of thioester bond between PLGA–COOH and COOH–PEG–NH2 

by the method described by Devulapally et al [187]. Figure 3.1. showed the 

schematic representation of the conjugation of PLGA with PEG. 

300 mg Resomer 502H (PLGA-COOH) was solubilized in dry dichloromethane 

(DCM), and 20.7 mg of NHS (0.17mmol) and 34.5 mg of EDC were added for the 
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activation of carboxylic acid group in PLGA. The organic mixture was stirred 

continuously for 24 hours. The resulting PLGA-NHS was precipitated with ice cold 

ethyl ether. The precipitated PLGA-NHS was centrifuged three times; washed with 

ethyl ether-metanol mixture, and prrecipitate was dried under vacuum.  

300 mg PLGA-NHS was dissolved in chloroform. Heterobifunctional NH2–PEG–

COOH (MWPEG=1146.35 g/mol) and N,N-diisopropylethylamine were added to the 

organic solution of PLGA-NHS at a molar ratio 1:1 and 1:3, respectively. The 

reaction was continued for 24 hours with continuous stirring. Resulting polymer 

was precipitated with 5 ml cold ethyl ether and washed with ethyl ether-metanol 

mixture (70:30, v/v) three times to remove unreacted PEG. Precipitated polymer 

was dried under vacuum and detected by nuclear magnetic resonance. 

 

 

Figure 3.1. Schematic of the synthesis of the polymer poly-DL-lactic-co-glycolic (PLGA) 

polyethylene glycol (PEG) (188). 

 

3.2.3.3. Synthesis of mPEG–PLGA–SS–ETA 

mPEG–PLGA–SS–ETA was synthesized according to the procedure described in 

Han et al [189] with slight modifications. Figure 3.2. showed the schematic of the 

synthesis route of the conjugation between mPEG–PLGA and ETA. 

300 mg mPEG–PLGA was solubilized in DCM, and 28 ml triethanol amine (TEA) 

was added to polymer solution. 12% 4-dimethylaminopyridine (DMAP) and 0.25 

mol tosyl chloride (TsCl) were solubilized together in DCM. This mixture was 

added dropwisely into the previously prepared polimer solution throughout 6 
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hours. Then the resulting mixture was stirred overnight and precipitated  with cold 

diethyl ether.  

Following solubilization in dimethyl sulfoxide (DMSO), cystamine hydrochloride, 

TEA and DMAP were added and stirred magnetically. After the completion of 

reaction, solution was dropwised into cold ethyl ether to obtain precipitate. 

Precipitate was vacuum dried and lyophilized. The lyophilized product was 

detected by 1H-NMR.  

 

 

Figure 3.2. Synthesis of the polymer conjugates of ETA (190) 

 

200 mg of polymer with disulfide bond was solubilized in DCM, and DMAP and an 

equal volume of ETA and carbonyl diimidazole (CDI) were added, which was 

stirred for 36 hours. The mixture was dropwised into cold ethyl ether for the 

precipitation and freeze-dried. The lyophilized product was detected by 1H-NMR. 

3.2.3.4. Preparation of Blank Nanoparticles 

PLGA and PLGA-b-PEG nanoparticles were prepared by the nanoprecipitation 

(solvent displacement) method aspreviously described by Fessi et al. [191] with 
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slight modifications. Figure 3.3. showed the schematic representation of 

preparation of polymeric nanoparticles. 

 

 
Figure 3.3. Schematic preparation of polymeric nanoparticles by nanoprecipitation 

(solvent displacement) method [192].  

 

Briefly, polymer was dissolved in water miscible organic solvent and organic 

solution of polymer was then added dropwisely into an aqueous surfactant solution 

under continuous stirring. The resulting colloidal suspension was stirred at 1000 

rpm for 15 minutes at room temperature. The nanosuspension was then stirred for 

3 hours to evaporate the organic solvent and to obtain nanoparticle dispersion at 

the final desired volume 25 mL. After the evaporation of solvent, nanoparticles 

obtained as a suspension were centrifuged at 4.000 rpm to separate nanoparticles 

from macroaggregates. Finally, nanoparticles were collected additional 

centrifugation at 14.000 rpm for 30 minutes at +4°C, washed three times with 

distilled water to remove unloaded ETA and surfactant residues. The supernatant 

was kept at +4°C to further determine the amount of drug non-entrapped in 

nanoparticles. After centrifugation, nanoparticles were kept at -20 °C overnight and 

freeze-dried at -55 °C and 0.5 kPa for 24 hours. Lyophilized nanoparticles were 

stored at +4ºC until further studies.  

The influence of various formulation parameters such as polymer concentration, 

polymer molecular weight, ratio of organic to aqueous phase, amount of surfactant 

on the physicochemical properties of nanoparticles were evaluated. Therefore, 

blank nanoparticles were formulated by changing the polymer concentration 
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(concentration range 0.5% to 2% w/v), organic phase to aqueous phase volume 

ratio (1:1, 1:2, 1:5 v/v). In addition to these parameters, surfactant concentration 

(concentration range from 0.1% to 1% w/v) were also evaluated to optimize the 

formulations. 

3.2.3.5. Preparation of ETA Loaded Nanoparticles 

ETA loaded PLGA and PLGA-b-PEG nanoparticles were formulated in a similar 

manner to that of blank nanoparticles stated in Section 3.3.3.4. by adding ETA in 

the organic phase. ETA loaded formulations were prepared according to the pre-

formulation results of blank PLGA and PLGA-b-PEG nanoparticles. Briefly, ETA 

was dissolved in the organic phase consisting of 50 mg polymer in 5 ml acetone 

following dissolution of the polymer. The solution was added drop wise into 25 ml 

ultra-pure water contaning 1% Pluronic F68 (PF-68) under magnetic stirring. The 

nanoprecipation and purification procedure were repeated as described 

previously. 

3.2.3.6. Preparation of MPEG-PLGA-SS-ETA Nanoconjugates 

For the preparation of mPEG–PLGA–SS–ETA nanoconjugates, mPEG-PLGA co-

polymer was synthesised and following co-polymer synthesis, ETA was 

conjugated with the mPEG–PLGA through disulfide bonds as previously described 

in Section 3.2.3.2. 

Single emulsion-solvent evaporation technique was used to prepare mPEG–

PLGA–SS–ETA nanoconjugates as described by Han et al [189]. 250 mg of 

mPEG–PLGA–SS–ETA were solubilized in DCM at room temperature using a 

magnetic stirrer for 1 hour. After the completion of solubilization, the conjugate 

solution was added dropwisely into aqueous solution of 0.1% PF-68 and the 

mixture was sonicated by an ultrasonic probe at 30 W for 3 minutes (15 seconds 

pulses). The organic solution was evaporated for 4 hours. Nanoparticles were 

collected and lyophilized as previously described in Section 3.2.3.4.  

3.2.3.7. Characterization of Nanoformulations 

The average particle size and polydispersity index of the nanoformulations were 

determined by the dynamic laser light scattering method (Nanosizer Coulter N4 

Plus®) (Malvern Instruments, UK) before and after lyophilisation. Aqueous 

dispersion of lyophilised formulations at a concentration of 0.1 mg/ml and 1 ml of 
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fresh nanoformulation suspension were used to evaluate the average particle size 

and size polydispersity. The measurements were conducted at 25°C. The viscosity 

and refraction index of the continuous phase were set equal to those specific to 

water. Triplicate measurements were performed for each sample with each 

measurement consisting of 12 runs.  

The ζ potential of nanoformulations was measured in aqueous dispersion with a 

Zetasizer 4 (Malvern Instruments, UK) at 25°C. Experimental values were the 

average of six different formulations. 

The morphological analysis of nanoparticles were performed by transmission 

electron microscopy (TEM). 100 µl of the aqueous dispersion was placed over a 

copper grid of 400 mesh with carbon film. The droplet was reduced after 5 minutes 

with a filter paper to eliminate the excess of nanoparticles. Finally, the sample was 

air dried prior to placing it in the TEM. 

3.2.3.8. Entrapment Efficiency and Loading Capacity 

Entrapment efficiency and loading capacity of formulations were determined using 

both direct and indirect procedures and the results of the indirect and direct assay 

were compared. 

In the direct method, 10 mg of lyophilized samples were dissolved in 1 mL of 

acetonitrile and shaken slightly followed by sonication for 5 minutes. Then, 2 mL of 

methanol was added to precipitate the polymer. The solution was then centrifuged 

at 4.000 rpm for 10 minutes at 4°C to remove the polymeric debris and polymeric 

debris was washed twice with fresh solvent to extract any adhered inhibitor. The 

supernatant containing inhibitor was assessed for drug content by validated HPLC 

method. 

In the indirect method, the amount of inhibitor encapsulated within the 

nanoformulations was determined by measuring the amount of unencapsulated 

drug in supernatant recovered after centrifugation and washing of formulations.  

The encapsulation efficiency and loading capacity were calculated mean ± SD of 

three readings from three batches. The encapsulation efficiency (1) and the 

percent loading of ETA (2) were then calculated as follows: 
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                                 (1) 

 

                 
                            

                    
           (2) 

 

3.2.3.9. In vitro Release Studies 

In vitro release profiles of nanoformulations were evaluated by dialysis method. 10 

mg of freeze-dried nanoformulations suspended in 10 mL of isotonic pH 7.4 

solution of PBS, were transferred into a dialysis bag. The dialysis bag (12 kDa, 

surface area = 18 cm2) containing 10 mL nanoformulation suspension were placed 

in a tube containing 100 ml of release medium. The whole assembly was kept in a 

horizontal laboratory shaker (200 rpm) and maintained at 37±0.5 °C.  

In vitro release studies of ETA from nanoformulations were carried out in ethanol-

phosphate buffered saline of pH 7.4 and pH 5 buffer solutions at 37°C. In the case 

of mPEG–PLGA–SS–ETA nanoconjugates, 10 mM GSH containing buffer solution 

were also used to examine the impact of GSH on disulfide bonds’ dissociation in 

mPEG–PLGA–SS–ETA nanoconjugates. At designated time points, 2 ml of the 

external medium were withdrawn from the beaker and replaced with fresh medium 

to ensure the sink condition. The samples were filtered through a 0.45-μm PVDF 

membrane, and the amount of drug present in the release media were analyzed 

directly by HPLC according to the method described before in Section 3.2.3.1. The 

concentration of ETA released from the formulations was expressed as a 

percentage of the total ETA loaded into the formulation and was plotted as a 

function of time. 

3.2.3.10. Stability of Nanoformulations 

The optimized formulation of either PLGA-b-PEG nanoparticles or mPEG–PLGA–

SS–ETA nanoconjugates was tested for their stability. Freshly prepared freeze-

dried three samples of optimized formulations were stored as aqueous dispersions 

in ultrapure water at 4°C and at room temperature for 4 months. With a sampling 

frequency of one month, formulations were analyzed for mean size.  
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3.2.3.11. Sterilization of Nanoformulations 

Two different sterilization techniques were used for the removal of microbial 

contamination from nanoformulations. Filter sterilization was implemented through 

0.22 μm filters. Nanoformulations were also sterilized by UV-irradiation at room 

temperature for 12 hours. Weight field was determined after sterilization. The 

particle size distribution and toxicity of formulations before and after filtration were 

also examined.  

3.2.3.12. Sterility Control of Nanoformulations 

Sterility control of nanoformulations was evaluated for both aerobic and  anaerobic 

bacteria production. Triptic Soy Broth and Fluid Thioglycollate Medium were used 

for the detection of aerobic and anaerobic bacteria, respectively.  Malt Extract 

Broth was also used as medium for the detection of yeasts and fungi. Non-sterile 

formulations were used as positive controls. The plates were incubated at 

37±0.5°C or at 25±0.5°C for bacterial and fungal growth, respectively. The turbidity 

of the media was then observed over a basic period of 14 days in comparison to 

positive controls. The experiments were repeated three times. 

3.2.3.13. Antibody Conjugation of Nanoformulations 

Drug loaded and optimized nanoformulations were conjugated to FITC tagged 

anti-vimentin mAbs by the carbodiimide process as previously described by 

Arruebo et al [193] with slight modifications. The conjugation process was 

described below: 

 The lyophilized nanoformulation dispersed in PBS at a concentration of 10 

mg/ml was mixed with 2 mM N-Hydroxysuccinimide (NHS) and 2 mM 

carbodiimide (CDI) under continuos stirring to activate the carboxyl groups of 

nanoformulation. The resulting mixture was stirred for 1 hour. 

 After the completion of activation process, the activated nanoformulation was 

centrifuged at 10.000 rpm and suspended in PBS.  

 Nanoformulation dispersion was mixed with 10 µl FITC tagged anti-Vimentin 

mAbs and stirred for 4 hours in the dark. 

 The mixture was centrifuged at 12.000 rpm and rinsed three times with PBS to 

remove residual reagents and antibodies. 
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 Antibody conjugated nanoformulation was dispersed in  glycine solution for the 

saturation of free coupling sites, washed with distilled water and lyophilised as 

described in Section 3.2.3.4. 

 The amount of antibody conjugated to the nanoformulation was assessed by 

BCA assay and conjugation efficiency was caluculated.  

 Nanoformulation with the highest conjugation efficiency was also determined 

by 1H-NMR. 

 Both of antibody conjugated nanoparticles or antibody conjugated 

nanoconjugates were henceforth referred to as immunonanoformulations.  

3.2.3.14. In vitro Cytotoxicity  

Cytotoxicity of nanoformulations was evaluated by MTT assay against L929 

mouse fibroblast cells. L929 cells were cultured in Dulbecco’s modified Eagle’s 

medium supplemented with 10% FBS, 2 mM L-glutamine, as well as 1% penicillin-

streptomycin solution.  

The cells were seeded in 96-well plates at the density of 1×104 viable cells/well 

and incubated for 24 hours to allow cell attachment. The following day, the 

medium was replaced by 100 μL medium containing the nanoformulations at 

concentrations of 20-100 µg/ml for 24 and 48 hours. MTT assay was applied to 

determine cell viability.  

3.2.4. In vitro Studies 

During in vitro studies, oxidative stress generated epithelial and mesenchymal 

phenotypes of HT-29 cells were used to evaluate the effect of both free ETA and 

nanoparticulated ETA on the GST-π protein levels of the cells. Anti-Vimentin 

conjugated immunonanoformulations were also evaluated for their inhibition 

capabilities. Effectiveness of adjuvant therapy in the drug resistant mesenchymal 

phenotypes of HT-29 cells as a response of GST-π inactiavtion with free ETA and 

nanoparticulated ETA was also assessed.  

In all subsections of this part, oxidative stress was generated in both epithelial and 

mesenchymal phenotypes of HT-29 cells by the induction of cells with 20 µM H2O2 

for 1 hour. 
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Adjuvant therapy used in this study was the combination of 5 mM 5-Fluorouracil 

(5-FU), 500 µM Folinic acid (FA) and 90 µM oxaliplatin, henceforth referred to as 

FOLFOX regimen. The selected concentrations of drugs were in accordance with 

the studies reported in the literature [194]. All assays were performed with 6 

replicates. 

A 600 mM stock of 5-FU was prepared in absolute DMSO and stored at −20 °C. 

For treatment, stock solutions of all drugs were diluted in cell culture medium to 

achieve the desired concentration. The final concentration of DMSO was less than 

1%.  

3.2.4.1. Treatment of Oxidative Stress Generated Epithelial and 
Mesenchymal Phenotypes of HT-29 Cells with Nanoparticulated 
ETA 

After oxidative stress induction, the cells were incubated for 4 hours in the 

presence of free ETA, ETA loaded PLGA-b-PEG nanoparticles, mPEG–PLGA–

SS–ETA nanoconjugates at concentrations ranging from 0.2 μg/mL to 2 μg/ml. 

Effectiveness of nanoformulations were compared according to the variabilities in 

the GST-π activities. IC50 values of ETA loaded nanoformulations for epithelial and 

mesenchymal phenotypes of HT-29 cells was determined.  

3.2.4.2. Treatment of Oxidative Stress Generated Epithelial and 
Mesenchymal Phenotypes of HT-29 Cells with FOLFOX 

Oxidative stress generated epithelial and mesenchymal phenotypes of HT-29 CRC 

cells were subjected to treatment with FOLFOX. For this purpose, the cells were 

incubated in the presence of 5 mM 5-FU, 500 µM FA and 90 µM oxaliplatin for 24 

hours. Inhibition of cell growth in response to adjuvant therapy was assessed by 

MTT spectrophotometric assay. The cells incubated without FOLFOX 24 hours 

were used as control. Treated and untreated cells were compared according to the 

cell viability ratio.  

3.2.4.3. Treatment of Oxidative Stress Generated Epithelial and 
Mesenchymal Phenotypes of HT-29 Cells with ETA+FOLFOX 

Cells were pre-treated with 3.2 µM ETA for 2 hours and then co-incubated with 15 

mM 5-FU, 2 mM FA and 500 µM oxaliplatin for 24 hours. Medium was changed 

very two days and freshly prepared inhibitor and drug solutions were added into 

wells as described previously. Cell viability was determined by MTT. Results of 
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groups those were treated only with FOLFOX and those were pre-treated with 

ETA upon FOLFOX treatment were compared according to the cell viability. 

3.2.4.4. Treatment of Oxidative Stress Generated Epithelial and 
Mesenchymal Phenotypes of HT-29 Cells with Nanoparticulated 
ETA +FOLFOX 

Cells were pre-treated with 2 mg/ml ETA loaded PLGA-b-PEG nanoparticles and 

0.4 mg/ml mPEG–PLGA–SS–ETA nanoconjugates for 24 hours. Then, the cells 

were treated with the indicated drug concentrations as previously described in 

Section 3.2.4.2. 

3.2.5. In vivo Studies 

4-6 weeks old male Wistar rats (200-250 g) were purchased from Kobay 

Experimental Animals Incorporated Company and were housed under controlled 

conditions at 21± 2°C and 30–70% relative humidity with a 12-hours dark/light 

illumination sequence and ad libitum access to tap water and standard pellet 

rodent chow. All animals were deprived of food 12 hours prior to experimentation 

but had free access to water. All experiments on animals were performed with 

strict adherence to European Community guidelines and the Declarations of 

Helsinki and Tokyo, and they were approved by the Institutional Experimental 

Animal Care and Use Ethics Committee of Hacettepe University before the 

commencement of any interventions (Approval number: 2017/26-10). 

3.2.5.1. Establishment of in vivo CRC Model 

In vivo CRC model was established in Wistar rats by introducing HT-29 CRC cells 

intraperitoneally as previously described by Akhter et al. (195) with slight 

modifications.  Prior to tumour cell implantation, cyclosporine was given i.p. at a 

concentration of 35 mg/kg/day to suppress the immune system of animals. 

Thereafter, the same dose was given i.p. daily. 50 x106 HT-29 cells resuspended 

in 500 µl PBS was injected in Wistar rats. The animals were then housed as 

described above for 15 to 35 days  in order to obtain colorectal adenocarcinoma. 

On the 15th, 30th and 45th days following the HT-29 cells implentation, 6 animals 

from each group were sacrificed with high-dose chloral hydrate treatment to 

determine the CRC formation period. Tumor formation was described by 

examining the tumor tissue morphologically and histopathologically. Moreover, E-
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cadherin, vimentin, N-cadherin, Slug, transgelin, α-SMA and GST-π levels were 

determined in the tumor tissue samples. 

3.2.5.2. Study Groups 

Control group: Colon and rectal tissues were removed in the control group and 

E-cadherin, vimentin, N-cadherin, Slug, α-SMA, and transgelin expression levels 

were determined by RT-PCR analysis. Morover, GST-π protein level was 

determined to determine the basal values of these parameters. 

CRC group-1: In this group animals were divided in seven groups with three rats 

per group. 50 x106 HT-29 cells resuspended in 500 µl PBS was injected in Wistar 

rats. The animals were then housed as described above for 15 to 95 days in order 

to obtain colorectal adenocarcinoma. On the 15th-95th days following the HT-29 

implentation, 3 animals from each group were sacrificed with high-dose chloral 

hydrate treatment to determine the CRC formation period. Tumor formation was 

demonstrated by examining the tumor tissue morphologically and 

histopathologically. Moreover, E-cadherin, vimentin, N-cadherin, Oct-4 and 

transgelin, GST-π protein levels were determined in the tumor tissue samples. 

CRC group-2: In this group animals were divided in three groups with six rats per 

group. CRC model model was established in all groups according to the results 

obtained from CRC group-1. The day of tumor volume reached 1m3 was accepted 

as day 0. Then, the animals were housed as described above for additional 10 to 

20 days in order to determine the EMT formation period. On the 0, 10th and 20th 

days following the formation of cancer, animals were sacrificed and tumor tissue 

samples were removed. EMT was demonstrated by biochemical markers and 

immunohistochemical techniques. Immunohistochemical analysis was performed 

to determine the metastatic formation in the liver tissue samples of these 3 groups. 

Following the determination of tumor and EMT formation periods, 36 animals were 

injected with HT-29 CRC adenocarcinoma cell line intraperitoneally. At the end of 

the EMT formation period determined in CRC group 2, animals were divided into 6 

groups (n=6 for each group) to construct experimental groups.  

Study group-1: The animals in this group were administered with FOLFOX 

chemotherapy. The FOLFOX chemotherapy regimen consisted of weekly cycles of 
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intraperitoneal (i.p.) FOLFOX consisting of 6 mg/kg Oxaliplatin followed 2 hours 

later by 50 mg/kg 5-FU and 90 mg/kg leucovorin. This drug-dosing schedule was 

based upon a careful review of the literature (196, 197). The treatment protocol 

was terminated one week after the second treatment. At the end of the second 

week, animals were sacrificed with high dose chloral hydrate, tumor tissue was 

removed and morphological and histopathological examinations were performed. 

Study group-2: The animals in this group were administered with ETA 

intravenously every day for 1 week. ETA dosage was determined according to in 

vitro study results. At the end of 1 week, animals were sacrificed with high dose 

chloral hydrate, biochemical markers, GST-π activity and lipid peroxidation levels 

were determined in the tumor tissues. 

Study group-3: The animals in this group were administered with ETA prior to 

FOLFOX chemotherapy. At the end of the second week, animals were sacrificed 

with high dose chloral hydrate, tumor tissue was removed and morphological and 

histopathological examinations were performed. 

Study group-4: The animals in this group were administered with 

immunonanoparticles. At the end of the second week, animals were sacrificed with 

high dose chloral hydrate, tumor tissue was removed and morphological and 

histopathological examinations were performed. Biochemical markers, GST-π 

activity and lipid peroxidation levels were also detected in the tumor tissues.  

Study group-5: The animals in this group were administered with ETA loaded 

immunonanoparticles. At the end of the second week, animals were sacrificed with 

high dose chloral hydrate, tumor tissue was removed and morphological and 

histopathological examinations were performed. Biochemical markers, GST-π 

activity and lipid peroxidation levels were also determined in the tumor tissues. 

Study group-6: The animals in this group were administered with ETA loaded 

immunonanoparticles prior to FOLFOX chemotherapy. At the end of the second 

week, animals were sacrificed with high dose chloral hydrate, tumor tissue was 

removed and morphological and histopathological examinations were performed. 

Biochemical markers, GST-π activity and lipid peroxidation levels were also 

determined in the tumor tissues. 
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3.2.5.3. Histopathology 

Tissues were fixed in 10% formaldehyde and automautically processed by routine 

procedure. After processing, paraffin blocks were obtained from these samples. 5 

µM thick tissue sections were stained with routine hematoxylin-eosin. Tissues 

were macroscopically and microscopically examined for the presence of 

neoplasm. 

Histopathological changes were classified as mild, moderate and severe 

dysplasia. Tissues with prolonged, crowded, and pseudo-layered nuclei with a 

slightly decreased number of goblet cells in which the polarization was maintained 

were classified as mild dysplasia. Tissue specimens with increased number of 

immune cells in the connective tissue, defectorization and hyperchromatic features 

in the cell nuclei were characterized as moderate dysplasia. Colorectal carcinoma 

formation was characterized by complete disappearance of the morphological 

features of the origin tissue and presence of signal ring cells. 

3.2.5.4. RNA extraction, cDNA synthesis and qRT–PCR 

Total RNA was extracted using the HyridR isolation kit according to the 

manufacturer’s instructions. One microgram of total RNA was used to generate 

cDNA using cDNA synthesis kit and a random hexamer primer. qRT-PCR was 

performed using SYBR-Green reagents. GAPDH was used as the internal control. 

3.2.5.5. Immunohistochemistry 

5 µM thick sections were deparaffinised and stained for primary antibodies using 

Leica Bond Max autostainer following manufacturer’s instructions. Appropriate 

antigen retrieval and concentration of antibodies were calibrated using positive 

and negative controls.  

 

3.2.6. Statistical Analysis 

All statistical analysis were performed using GraphPad Prism 7.0 (GraphPad 

Software, Inc., San Diego, CA). The significance of differences was assessed by 

Student’s t-test. P value less than 0.05 (p<0.05) was considered to denote a 

statistically significant difference. All data in this thesis study are represented as 

mean±SEM 
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4. RESULTS and DISCUSSION 

 

4.1. TGF-β1 Induced EMT in HT-29 CRC Cells 

TGF-β1 stands out as an important mediator of EMT. Extensive studies 

demonstrated that treatment with TGF-β1 led to a progressive stimulation of EMT 

in numerous malignant cell lines [198-202]. In this study, the transformation of 

epithelial  phenotype into the mesenchymal phenotype of HT-29 CRC cells was 

induced by TGF-β1. Optimum concentration and exposure time of TGF-β1 for the 

induction of EMT were determined by morphological and biochemical analysis. 

 

 

Figure 4.1. Untreated and 10 ng/ml TGF-β1 treated HT-29 cells under inverted light 
misroscope. 

 

 

Figure 4.2. Immunoflorescence staining of untreated and 10 ng/ml TGF-β1 treated HT-

29 cells. 
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4.1.1. Morphological Alterations in HT-29 Cells Induced with TGF-β1  

Morphological changes following treatment of HT-29 CRC cells with various 

concentrations (2.5–40 ng/ml) of TGF-β1 for 24 and 48 hours were observed with 

inverted light microscopy and immunofluorescence staining. Different cellular  

morphology can be easily observed using inverted microscope at the indicated 

time intervals. As depicted in Figure 4.1., untreated HT-29 cells were present in 

colonies and form a monolayer with tight junctions between adjacent cells, while 

TGF-β1 treated cells appeared detached and showed a spindle-shaped, fibroblast-

like phenotype, consistent with a mesenchymal phenotype. Differences in 

morphology could also be observed from the images of immunofluorescence 

staining (Figure 4.2). TGF-β1 exposed cells displayed more elongated cytoplasma 

with extending outward protrusions. 

4.1.2. Molecular Markers of Epithelial and Mesenchymal Phenotypes 

In addition to morphological changes after TGF-β1 stimulation, the effect of 

concentration and induction time of TGF-β1 on the expression patterns of EMT 

associated genes were determined by qRT-PCR analysis. For this purpose, 

expressions of the epithelial phenotype markers (E-cadherin, ZO-1 and β-catenin) 

and mesenchymal phenotype markers (vimentin, α-SMA, fibronectin and N-

cadherin) were evaluated at mRNA level. EMT-inducing transcription factors, 

including SNAIL and Slug were also determined to qRT-PCR analyses.  

Membrane E-cadherin is an important adhesion molecule related to epithelial 

phenotype. Extensive experimental and clinical studies revealed that the 

supression of E-cadherin disrupted the cell adhesion followed by loss of epithelial 

integrity and facilitated cell migratory capacity via EMT [203, 204]. As E-cadherin 

downregulation is a significant hallmark of EMT, mRNA levels of E-cadherin both 

in untreated and TGF-β1 treated cells were investigated. As expected, E-cadherin 

expression was downregulated in response to TGF-β1 treatment. As it can be 

clearly seen in the Figure 4.3. and Figure 4.4., TGF-β1 exposure significantly 

reduced E-cadherin expression in a concentration and time dependent manner. 

After stimulation with TGF-β1 at the concentration of 2.5 ng/ml for 24 hours, a 

slight reduction was observed in E-cadherin expression (20%). Treatment of HT-

29 cells with 5 ng/ml and 10 ng/ml TGF-β1 for 24 h resulted in 36% and 54% 

reduction in E-cadherin expression, respectively. Furthermore, exposure of HT-29 
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cells to 10 ng/ml TGF-β1 for 48 hours resulted induced 80% loss of E-cadherin 

expression. In addition to E-cadherin, the expression of Zonula occludens (ZO-1) 

was also downregulated. According to the results stated in Figure 4.3. and Figure 

4.4., the highest  suppression of ZO-1 was obtained after 10 ng/ml TGF-β1 

treatment for 48 hours consistent with the literature [205-207]. These findings 

suggested that HT-29 CRC cells exhibited a dose and  time-dependent loss of 

epithelial markers. These alterations in the expression of epithelial markers are 

similar to previous reports of TGF-β1 induced EMT in HT-29 cells [201, 208, 209]. 

 

 
Figure 4.3. Relative mRNA levels of epithelial markers following TGF-β1 treatment for 

24 hours. Levels of mRNA expression were normalized to GAPDH. Each bar represents 

mean ± SEM of six independent experiments (** p<0.01 vs control). 
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Figure 4.4. Relative mRNA levels of epithelial markers following TGF-β1 treatment for 

48 hours. Levels of mRNA expression were normalized to GAPDH. Each bar represents 

mean ± SEM of six independent experiments (**p<0.01 and ***p<0.001 vs control). 

 

Under normal physicological conditions, E-cadherin forms an adhesion complex 

with β-catenin at the membrane. Dysregulations in the signaling pathways like 

TGF-β and EGF may cause disassociation of this complex and formation of free β-

catenin [204, 210, 211]. This free cytoplasmic β-catenin interacts mainly with T-cell  

Factor/Lymphoid Enhancer Factor (TCF/LEF) to translocate  to  the  nucleus. 

Nuclear localization of β-catenin activate the Wnt signaling followed by the 

activation of transcription factors leading to cancer cell proliferation, invasion and 

metastasis [212]. As the one potential mechanism by which TGF-β1 induces EMT 

is β-catenin dependent [213, 214], β-catenin mRNA levels were examined. In 
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contrast to E-cadherin and ZO-1, β-catenin was found to be significantly (p<0.001) 

upregulated in TGF-β1 stimulated HT-29 cells. These results were accordance 

with several studies in the literature [215] while reports from several laboratories 

indicates that β-catenin expression was downregulated in conjunction with E-

cadherin repression.  

 

 
Figure 4.5. Relative mRNA levels of transcription factors, SNAIL and SLUG, following 

TGF-β1 treatment for 24 hours. Levels of mRNA expression were normalized to GAPDH. 

Each bar represents mean ± SEM of six independent experiments (*p<0.05 and ** p<0.01 

vs control) 

 

Repression of epithelial markers can be mediated by several master transcription 
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that TGF-β1 induces the overexpression of these transcription factors [218-220]. 

To determine whether these genes were upregulated in HT-29 cells following 

TGF-β1 exposure, mRNA levels of SNAIL and SLUG were determined. The 

expression of SNAIL and SLUG was significantly induced by various 

concentrations of TGF-β1 in HT-29 CRC cell lines (Figure 4.5 and Figure 4.6). 

Strongly elevated mRNA levels of these transcription factors coincided with E-

cadherin supression.  

 

  
Figure 4.6. Relative mRNA levels of transcription factors, SNAIL and SLUG, following 

TGF-β1 treatment for 48 hours. Levels of mRNA expression were normalized to GAPDH. 

Each bar represents mean ± SEM of six independent experiments (**p<0.01 and *** 

p<0.001 vs control). 
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De novo expression of vimentin is one of the most important hallmarks for EMT 

[56, 90, 201, 221]. Furthermore, vimentin expression is associated with the cell 

motility and the invasive phenotype of cancer cells [222, 223]. Upregulation of N-

cadherin is an another important event occurs in EMT. Gain of N-cadherin 

following E-cadherin supression resulted in increased motility and invasion rate 

[224, 225].  

 

  

Figure 4.7. Relative mRNA levels of mesenchymal markers following TGF-β1 

treatment for 24 hours. Levels of mRNA expression were normalized to GAPDH. Each bar 

represents mean ± SEM of six independent experiments (*p<0.05, **p<0.01 and 

***p<0.001 vs control). 

 

Overexpression of α-SMA and fibronectin are also reported for the mesenchymal 

phenotypes of some cancer cell lines including neuroblastoma and colorectal 

adenocarcinoma [226-228]. 
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In consistent the significant decrease in the epithelial markers, expression 

changes of the mesenchymal markers following treatment with TGF-β1 were 

concentration and time dependent. Exposure to lower doses of TGF-β1 seems to 

induce a marked increase in vimentin, α-SMA and N-cadherin expressions, while a 

modest but still significant increase in fibronectin was observed. 10 ng/ml TGF-β1 

treatment for 24 hours enhanced the expression of all indicated markers with a 

maximal induction of 2.58 folds of α-SMA (Figure 4.7). Treatment with 10 ng/ml 

TGF-β1 induced up to 80%  and 90% increase of vimentin (3.69 fold) and α-SMA 

(4.29 fold) expression, respectively within 48 hours (Figure 4.8). N-cadherin 

expression increased to ~ 2 fold upon 48 hours treatment. This result, in conjuction 

with the E-cadherin repression, demonstrated that cadherin switch was induced in 

response to TGF-β1 treatment. There was no significant difference in the 

expression patterns of EMT-associated markers between cells treated with 10 

ng/ml TGF-β1 and ˃10 ng/ml TGF-β1. Therefore, HT-29 CRC cells were treated 

with 10 ng/ml TGF-β1 for 48 hours to induce EMT for subsequent assays. 

4.1.3. Immunofluorescence Staining 

To examine the transition of epithelial phenotype to mesenchymal phenotype in 

TGF-β1 induced HT-29 cells, immunofluorescence staining for E-cadherin, a 

marker of epithelial phenotype, and for vimentin, N-cadherin and α-SMA, markers 

of mesenchymal phenotype, was performed. Expression of EMT-inducing 

transcription factor SNAIL-I was also evaluated by immunofluorescence staining. 

As shown in Figure 4.9., immunofluorescence staining revealed that TGF‐β1 

induction for 48 hours markedly increased the expression of mesenchymal 

markers vimentin, N-cadherin and α-SMA whereas reduced the expression of 

epithelial marker E-cadherin. Protein expression levels of related genes were 

consistent with their mRNA levels. Moreover, it was clearly seen in the Figure 4.9., 

β-catenin was translocated into the nucleus. Consistent with these molecular 

changes in surface proteins, expression of EMT-inducing transcription factor 

SNAIL-I was significantly upregulated (Figure 4.10) and as expected, SNAIL-I was 

accumulated in the nucleus of TGF-β1 induced HT-29 cells. These results 

demonstrated that TGF‐β1 induced the upregulation of SNAIL-I and expression of 

SNAIL-I can induce EMT in HT-29 cells, which is accompanied with the 

downregulation of epithelial markers and upregulation of mesenchymal markers.  
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Figure 4.8. Relative mRNA levels of mesenchymal markers following TGF-β1 

treatment for 48 hours. Levels of mRNA expression were normalized to GAPDH. Each bar 

represents mean ± SEM of six independent experiments (*p<0.05, **p<0.01 and 

***p<0.001 vs control). 

 

Moreover, it was clearly seen in the Figure 4.9., β-catenin was translocated into 

the nucleus. Consistent with these molecular changes in surface proteins, 

expression of EMT-inducing transcription factor SNAIL-I was significantly 

upregulated (Figure 4.10) and as expected, SNAIL-I was accumulated in the 

nucleus of TGF-β1 induced HT-29 cells. These results demonstrated that TGF‐β1 

induced the upregulation of SNAIL-I and expression of SNAIL-I can induce EMT in 

HT-29 cells, which is accompanied with the downregulation of epithelial markers 

and upregulation of mesenchymal markers.  
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Figure 4.9. Immunofluorescence staining identified the expression of EMT-related 

genes in epithelial phenotype and mesenchymal phenotype of HT-29 cells. 
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Figure 4.10. Immunofluorescence staining identified the upregulation of SNAIL-I and 

translocation of β-catenin and SNAIL to nucleus in the mesenchymal phenotype of HT-29 

cells. 

 

4.2. Determination of Expression Levels for GST-π and GST-μ Isoenzymes 

in Epithelial and Mesenchymal Phenotypes of HT-29 Cells, Activity 

Assay and Inhibition of GST Isoenzymes 

4.2.1. Elevated Expression and Protein Levels of GST-π in Mesenchymal 
Phenotype of HT-29 Cells 

Enhancement of detoxifiying enzymes either in cancer cells or in clinical tumor 

samples had been implicated in resistance to chemotherapeutics [229-232]. Since 

drug resistance in cancer treatment is also associated with EMT [111, 233-235], 

expression levels of GST-π and GST-µ isoenzymes were assessed both in 

epithelial and mesenchymal phenotypes of HT-29 cells to investigate whether the 

overexpression of these isoenzymes is responsible for chemoresistance in 

mesenchymal phenotype of HT-29 cells. It can be clearly seen from the results in 

Figure 4.11-A that higher mRNA levels of GST-π were observed in TGF-β1 

induced mesenchymal phenotypes of HT-29 cells. Indeed, the significance 

difference in GST-π expression levels between 24 hours treated and 48 hours 
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treated cells was observed (p<0.01). However, no significant change in the 

expression of GST-µ was observed following stimulation of the cells with TGF-β1 

(p˃0.05).  

A)   B)  

Figure 4.11. A) Relative mRNA levels of GST isoenzymes following treatment with TGF-

β1. Relative expression was adjusted to the reference gene GAPDH. B) Protein level of 

GST-π following treatment with TGF-β1. Data are represented as the mean±SEM. 

(*p<0.05, **p<0.01 and ****p<0.0001 vs control). 

 

Protein levels of GST isoenzymes were also determined in both culture medium 

and cell lysates of TGF-β1 treated and non-treated cells. In accordance with the 

qRT-PCR analysis results, GST-π protein levels were elevated ~2.5 fold upon 

treatment with TGF-β1 for 48 hours, while no significant changes in protein level of 

GST-µ was observed (Figure 4.11-A). As seen in Figure 4.11-B, GST-π protein 

level slightly increased in non-treated cells, but this increase was not statistically 

significant (p˃0.05). In HT-29 cells, GST-µ protein was not detectable, although 

HT-29 cells do not bear the null-genotype for GST-µ [236]. These results were in 

aggrement with the study that evaluated GST-π and GST-µ at the mRNA and 

protein levels in doxorubicin resistant colorectal adenocarcinoma cell lines (HT-29, 

LoVo, SW620, and Caco-2). According to the results, GST-π was expressed at 

protein and mRNA levels whilst GST-µ expression was not detectable at the 
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protein and mRNA levels [237]. However, to our knowledge, this was the first 

study that assessed the correlation between expression and protein levels of GST-

π and GST-µ isoenzymes and EMT-associated drug resistance in colorectal 

cancer cells. TGF-β1 may activate multiple signaling pathways including 

p38MAPK, Erk1/2 and PI3-kinase and activation of these signaling pathways 

cause formation of stress conditions in the cells [238] Yang et al. [239] was 

reported that TNF-α induced F-actin stress fiber formation was inhibited by GST-π 

by inhibition of F-actin reconstruction and TNF-α induction upregulated GST-π 

expression. According to these results, it could be concluded that GST-π 

expression may be upregulated to inhibit the TGF-β1 induced actin remodelling 

and F-actin stress fiber formation in mesenchymal phenotypes of HT-29 cells. 

However, GST-π expression levels could not be sufficient to inhibit stress fiber 

formation due to long term exposure of TGF-β1.  

4.2.2. Treatment of Epithelial and Mesenchymal Phenotypes of HT-29 Cells 
with ETA 

The calibration curves of ETA for both epithelial and mesenchymal phenotypes of 

HT-29 cells were constructed and IC50 values were calculated as described in 

Section 3.2.2.3. IC50 values were determined for only GST-π due to lack of GST-µ 

activity. The calibration curves of % inhibition of GST-π activity of epithelial 

phenotypes of HT-29 cells versus ETA concentration and % inhibition of GST-π 

activity of mesenchymal phenotypes of HT-29 cells versus ETA concentration 

were shown in Figure 4.12. and 4.13., respectively.  

 

Figure 4.12. Determination of % activity of GST-π activity following treatment with 

various concentrations of ETA for epithelial phenotype of HT-29 cells. 
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According to the results stated in Figure 4.12. and Figure 4.13., IC50 values of ETA 

were 5.78 µM and 7.08 µM for GST-π of epithelial phenoype and mesenchymal 

phenotype of HT-29 cells, respectively. IC50 value of ETA for GST-π of 

mesenchymal phenotype was significantly higher than for GST-π of epithelial 

phenotype of HT-29 cells (p<0.01). ~ 33% of increment in IC50 value for GST-π of 

mesenchymal cells were observed. GST-π protein levels were also evaluated after 

ETA treatment. Results suggested that ETA not only inhibited GST-π catalytic 

activity but also affected GST-π expression at posttranscriptional level (Figure 

4.14). Protein levels of GST-π in epithelial and mesenchymal phenotypes of HT-29 

cells decreased 58% and 62%, respectively. 

 

 

Figure 4.13. Determination of % activity of GST-π activity following treatment with 

various concentrations of ETA for mesenchymal phenotype of HT-29 cells. 
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Figure 4.14. GST-π protein levels after treatment with ETA at various concentrations. 

Data are represented as the mean±SEM. 

 

4.2.3. Formation and Determination of Oxidative Stress in Epithelial and 
Mesenchymal Phenotype of HT-29 Cells 

Cancer cells underwent EMT exhibit resistance to ROS-induced oxidative stress. 

Possible mechanisms for ROS-induced oxidative stress resistance in various 

cancer cell types are established in literature. However, there is no study that 

determines correlation between oxidative stress resistance and GST-π expression 

in mesenchymal cells. To evaluate whether elevated GST-π activity is responsible 

for resistance to ROS-induced oxidative stress in the mesenchymal phenotypes of 

HT-29 cells, oxidative stress was generated by H2O2 exposure in both epithelial 
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concentrations ˃25 µM upon 1 hour treatment was observed. However, 

mesenchymal cells showed higher resistance with the detectable cytotoxic effect 

at higher concentrations of H2O2. The non-cytotoxic range of H2O2 was 5-10 µM 

and 5-50 µM for epithelial and mesenchymal cells, respectively. Indeed, the 

cytotoxic effects of H2O2 were relatively stable at higher levels of H2O2 for 

mesenchymal cells. Extending the treatment time to 2 hours cause the significant 

reduction in epithelial cell viability (p<0.001). Therefore, epithelial cell viability 

drastically decreased upon treatment with H2O2 gradually above 25 µM. Taken 

together, these results suggested that H2O2 exert cytotoxic effect on epithelial HT-

29 cells in a dose and time dependent manner. Similar results were reported for 

epithelial colorectal cancer cells [240, 241]. In contrast to significant reduction in 

cell viability as observed in epithelial phenotype of HT-29, statistically significant 

(p<0.05) increase in viability of mesechymal phenotypes upon exposure to H2O2 

for 2 hours, even in high doses, was observed (Figure 4.16). These results 

confirmed the adaptation potential of mesenchymal phenotypes of HT-29 cells to 

oxidative stress agents.  

 

 
Figure 4.15. % cell viability of epithelial and mesenchymal phenotype of HT-29 cells 

following treatment with various concentrations of H2O2 for 1 hour. Values for MTT assay 

were converted into percentage of control (control = 100%). 
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Figure 4.16. % cell viability of epithelial and mesenchymal phenotypes of HT-29 cells 

following treatment with various concentrations of H2O2 for 2 hours. Values for MTT assay 

were converted into percentage of control (control = 100%). 

 

After the detection of cytotoxic doses of H2O2, oxidative stress was induced in both 

epithelial and mesenchymal HT-29 cells by the treatment with H2O2 at 

concentrations <25 µM for 1 hour. H2O2 treatment results in lipid peroxidation and 

malondialdehyde (MDA) can be formed as an end product during peroxidation 

process [242, 243]. Since MDA has been widely used for many years as a stable 

and convenient biomarker for lipid peroxidation [244, 245], oxidative damage 

induced by H2O2 was assessed by quantifying MDA in this study. Figure 4.17. 

showed the MDA levels in the epithelial and mesenchymal phenotype of HT-29 

cells. MDA levels in both epithelial phenotype and mesenchymal phenotypes of 

HT-29 cells were significantly elevated upon treatment with hydrogen peroxide 

(p<0.01). The results also revealed a clear dose dependent increase in the 

production of MDA in both phenotypes of HT-29 cells. As compared to control, 

exposure to 20 µM H2O2 resulted in ~ 95% increase in MDA levels in epithelial 

phenotypes of HT-29 cells. However, MDA levels of mesenchymal phenotype 

were significantly lower compared to epithelial phenotype (Ψ<0.001). These 

results indicated that transition from epithelial phenotype to mesenchymal 

phenotype resulted in resistance to oxidative stress.  
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Figure 4.17. MDA levels of epithelial and mesenchymal phenotypes of HT-29 cells 

following treatment with various concentrations of H2O2 for 2 hours. Data are represented 

as the mean±SEM. (*p<0.05, **p<0.01 and ****p<0.0001 vs control; ΨΨp<0.01 and 

ΨΨΨp<0.001 vs mesenchymal phenotypes). 

 

To further determine whether GST-π is related with increased adaptability of 

mesenchymal phenotypes of HT-29 cells to ROS-induced oxidative stress, GST-π 

expression and protein levels were investigated. It was clearly seen from the 

results that GST-π expression was exponentially increased following H2O2 

treatment in mesenhymal phenotypes of HT-29 cells (Figure 4.18). mRNA levels of 

GST-π in epithelial phenotypes of HT-29 cells increased at a lower grade. 

Statistically important diffence in GST-π expression patterns of epithelial and 

mesenchymal phenotypes of HT-29 cells was observed even at the lowest 

concentration of H2O2. 

 

20
 µ

M

15
 µ

M

10
 µ

M
5 

µM

C
ontr

ol
0

200

400

600

800

1000

H2O2 concentration (M)

M
D

A
 c

o
n
c
e
n

tr
a
ti
o
n

  
(n

g
/m

l)
)

Epithelial cells

Mesenchymal cells

**
**

**
**

****

****

***

***











73 
 

 

Figure 4.18. Relative mRNA levels of GST-π following treatment with different 

concentrations of H2O2. Data are represented as the mean±SEM. (*p<0.05, **p<0.01, 

p<0.001 and ****p<0.0001 vs control. ΨΨp<0.01, ΨΨΨp<0.001 and ΨΨΨΨp<0.0001 

mesechymal cells vs epithelial cells). 

 

4.2.4. Treatment of Oxidative Stress Generated Epithelial and Mesenchymal 
Phenotypes of HT-29 Cells with GST Inhibitor ETA 

Epithelial and mesenchymal phenotypes of HT-29 cells were treated with various 

concentrations of ETA to determine if any difference between IC50 values of ETA 

in phenotypes of HT-29 cells. Figure 4.19. and Figure 4.20. showed the calibration 

curve of ETA for epithelial and mesenchymal phenotypes of HT-29 cells, 

respectively. According to calibration curve equations, IC50 values of ETA for 

epithelial and mesenchymal phenotypes of HT-29 cells were 2.09 µM and 2.99 

µM, respectively. When these results was compared to results obtained from 

Section 4.2.2., it is clearly seen IC50 values of ETA is higher in oxidative stress 

generated phenotypes of HT-29 cells than nontreated cells, suggesting that GST-π 

protein levels of both phenotypes cells increased due to ROS-induced oxidative 

stress. However, mesenchymal phenotypes of HT-29 cells showed much more 

increased GST-π activity. 
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Figure 4.19. Determination of % GST-π activity following treatment with various 

concentrations of ETA for oxidative stress generated epithelial phenotypes of HT-29 cells. 

 

 
Figure 4.20. Determination of % GST-π activity following treatment with various 

concentrations of ETA for oxidative stress generated mesenchymal phenotype of HT-29 

cells. 

 

4.3. Preparation of GST Inhibitor ETA Loaded And Mesenchymal 

Phenotype Targeted Nanoparticles 

4.3.1. Quantification of ETA and HPLC Method Validation 

Quantitative determination of ETA was performed as described in Section 3.2.3.1. 

Figure 4.21. represents the chromatogram for ETA. Under chromatographic 

conditions used for the analysis of ETA, the retention time was 7.4 minutes.  
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4.3.1.1. Construction of Calibration Curve 

ETA calibration curve was constructed according to the method described in 

Section 3.2.3.1. The calibration curve was given in Figure 4.21. The slope of this 

curve was derived from different series which were calculated along with intercept 

and correlation coefficient as can be seen in Table 4.1. 

 

Table 4.1. Linear regression data obtained from HPLC analysis for ETA 

Parameters  

Concentration Range 2.5 µg/ml - 200 µg/ml 

Slope 0.3963 

Intercept 0.0069 

Correlation Coefficient 0.999 

 

 

Linearity 

Linearity was evaluated with standard solutions of ETA (2.5 to 200 μg/μL) as 

described in Section 3.2.3.1. Linearity of the assay procedure was determined by 

calculation of a regression line. Concentrations of ETA standard solutions were 

calculated from the resulting peak heights and the regression equation of the 

calibration curve [220].  

Linear relation between ETA concentration and peak area was confirmed by the 

regression analysis from Table 4.1. The calibration curves constructed for ETA 

showed that the analytical method was linear from 2.5 to 200 μg/mL. ETA 

standard solutions displayed good linearity in this range. Coefficient also proves 

the linearity. A linearity correlation coefficient above 0.999 is acceptable for HPLC 

methods of major component analysis. The square correlation coefficient (R2) was 

found 0.999 which was found to very close to 1, representing absolute linearity. 
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Figure 4.21. Calibration Curve of ETA. 

 

Accuracy 

Accuracy is defined as the consistency between the found value and the true 

concentration value which is independently determined. As described in Section 

3.2.3.1., accuracy is determined by replicate analysis of samples containing known 
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accuracy of the method was evaluated considering the recovery. Based on the 

calculated ETA concentrations and the known composition of ETA, the percent 

recovery of ETA was calculated. Considering each point concentration of ETA, the 

average recovery was found within the range 99.86 – 100.5% (Table 4.2). 

Precision 

As stated in Section 3.2.3.1. precision of an analytical procedure expresses the 

closeness of agreement between a series of measurements and was measured as 

repeatability, reproducibility and intermediate precision. The precision of an 

analytical method is usually expressed as coefficient of variation of a series of 
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Assay precision was calculated as Coefficient of Variation (CV) expressed as a 

percentage of the mean observed concentrations and the observed data were 

given in Table 4.3. 

 

Table 4.  2. Accuracy data for ETA 

Samples 5 μg/mL 

Recovery (%) 

50 μg/mL 

Recovery (%) 

150 μg/mL 

Recovery (%) 

1 100.6167 100.0042 100.1462 

2 100.4004 99.7921 100.2713 

3 99.8453 99.8161 99.7239 

4 101.0338 99.7728 99.8222 

5 100.4942 99.9216 100.5354 

Mean 100.4781 99.8614 100.0998 

Standart 
deviation 

0.0492 0.4970 0.0424 

CV 0.0489 0.4970 0.0420 

 

Table 4.3. Data of repeatability for ETA 

Sample 
Calculated 

Concentration (µg/ml) 

1 19.7844 

2 19.8037 

3 19.6892 

4 19.8604 

5 19.7321 

6 19.8356 

Mean 19.7842 

SD 0.0585 

CV 0.0034 
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4.3.2. Synthesis and Characterization of mPEG–PLGA–SS–ETA 

mPEG–PLGA-SS-ETA was synthesized as described in Section 3.2.3.3.  mPEG–

PLGA-SS was conjugated to ETA covalently via carbon-nitrogen bond. The 

resulting polymer was characterized by 1H-NMR and FT-IR analysis. Figure 4.22. 

showed 1H-NMR spectra of mPEG–PLGA–SS–ETA. According to NMR data, the 

peaks at 7.14 and 7.28 ppm in 1H-NMR spectrum correspond to aromatic protons 

of ETA, H on the phenyl ring. Moreover, peaks at 5.8 and 6.2 are related to 

protons of the phenyl ring, respectively. These results indicated that ETA was 

succesfully conjugated to mPEG–PLGA. Figure 4.23. showed the FT-IR spectra of 

mPEG–PLGA–SS–ETA. The absorption around 1640 cm−1 indicated the presence 

of phenyl ring. Therefore, the peak at around 3350 cm−1 showed –NH stretch. 

Furthermore, the results showed the succesful conjugation between ETA and 

mPEG–PLGA. 

 

 

Figure 4.22. NMR analysis of mPEG–PLGA–SS–ETA. 
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Figure 4.23. FT-IR spectrum of mPEG–PLGA–SS–ETA. 

 

4.3.3. Preparation of Blank Nanoparticles 

In the field of nanobiology, mean particle size is a currently important attribute of 

nanoparticulate drug delivery systems [246-248]. Mean particle size impacts both 

physicochemical characteristics of nano-sized systems such as encapsulation 

efficiency, drug release profile and stability, and in vivo pharmacokinetics in terms 

of cellular uptake and biodistribution throghout the body [249, 250]. Furthermore, 

as mean particle size affects the half-life of nanoparticles in the blood circulation, it 

can also influence its ability to permeate through tissue. In addition to mean 

particle size, PDI and surface charge have also important influence on both in vitro 

profile and in vivo behaviour of nanoparticles [251-253].  

In this study, various formulation parameters were evaluated in order to modulate 

physicochemical characteristics of nanoparticles and to establish an optimal 

formulation of PLGA and PLGA-b-PEG nanoparticles. Firstly, the effect of polymer 

concentration on physicochemical characteristics of PLGA and PLGA-b-PEG 

nanoparticles were evaluated. Range of concentrations was recognized from 

studies previosly reported. As represented in the Table 4.4., the mean particle size 

significantly increased as a result of increasing polymer concentration (p<0.01) 

whereas no significant change was observed for PDI (p˃0.05) for both PLGA and 

PLGA-b-PEG nanoparticles. The increase in the mean particle size can be 
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explained by increasing viscosity of organic phase. Organic phase with higher 

polymer concentrations resulted in more viscous solution. As a result of higher 

viscosity, net shear stress reduces and polymer-polymer interactions increases, 

which causes the formation of larger particles. Reduction in polymer concentration 

decreases the organic phase viscosity as well as mean particle size [254-258]. 

The results were well corroborated with studies reported by Morales-Cruz et al. 

[259], Cheng et al. [260], Halayqa et al. [261] and Sharma et al. [262].  

Results also revealed that all formulations had a negative ζ potential value, due to 

to the PLGA and PLGA-b-PEG features, indicating good particle stability in 

solution. This was due to the presence of carboxylic groups deprotonated at the 

experimental conditions. The ζ potential values of the NPs obtained by 

nanoprecipitation ranges between −20 and −30 mV. 

 

Table 4.  4. The effect of polymer concentration on particle size, polydispersity index 
and ζ-potential of PLGA and PLGA-b-PEG nanoparticles. Data was represented as mean 
± SEM values of three independent batches. 

 

 

In addition to the effect of polymer concentration, impact of surfactant 

concentration was also evaluated. Surfactants are not required for preparation of 

nanoparticles but addition of surfactants helps to preserve the nanoparticle 

suspensions from agglomeration, especially in long storage periods [263]. As 

represented in Table 4.5., mean particle size was significantly decreased by the 

Polymer 

concentration 
Formulations

Particle Size 

(nm)

Polydispersity 

Index (PI)

Zeta Potential 

(mV)

PLGA nanoparticles 365.69 ± 4.74 0.31 ± 0.19 -27.3 ± 4.27

PLGA-PEG nanoparticles 240.1 ± 6.88 0.23 ± 0.032 -19.6 ± 4.71

PLGA nanoparticles 310.3 ± 6.44 0.29 ± 0.13 -25.8 ± 1.38

PLGA-PEG nanoparticles 195.99 ± 1.21 0.19 ± 0.023 -16.09 ± 2.29

PLGA nanoparticles 280.43 ± 3.32 0.28 ± 0.05 -25.2 ± 3.10

PLGA-PEG nanoparticles 180.32 ± 0.82 0.14 ± 0.041 -14.62 ± 2.63

2%

1%

%0.5
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addition of appropriate amount of surfactant. This might be due to the 

concentration of PF-68 concentration resulted in reducing the surface tension and 

facilitating particle partition. However, nanoparticles’ size increased while 

increasing surfactant concentration from 0.1% to 1%. Stabilizing agents in the 

aqueous medim interacts with nanoparticle surface and their adsorption to the 

surface generally results in increasing in the size. But, PF-68 is a neutral 

stabilizing agent with a low molecular weight and its interaction with nanoparticles’ 

surface were relatively lower than posivitely or negatively charged stabilizers [264]. 

It could be concluded that increase in the surfectant concentration can lead to 

more viscous aqueos phase, resulting a poorer dispersibility of the organic phase 

into the aqueous phase. The results were in agreement with those reported by 

Tekko et al. [263] for the preparation of polymeric nanoparticles by 

nanoprecipitation method using polivinyl alcohole (PVA) as a surfactant. 

Nanoparticles were also evaluated in terms of zeta potential. Because of its 

neutral natural, PF-68 had no significant influence on the surface charges of 

nanoparticles. 

 

Table 4.  5. Effect of surfactant concentration on particle size, polydispersity index and 
ζ-potential of PLGA and PLGA-b-PEG nanoparticles. Data was represented as 
mean±SEM values of three independent batches. 

 

Surfactant 

concentration 
Formulations

Particle Size 

(nm)

Polydispersity 

Index (PI)

Zeta Potential 

(mV)

PLGA nanoparticles 285.64 ± 3.12 0.33 ± 0.25 -26.5 ± 3.41

PLGA-PEG nanoparticles 190.76 ± 1.54 0.18 ± 0.14 -12.5 ± 3.81

PLGA nanoparticles 278.49 ± 2.61 0.15 ± 0.10 -27.1 ± 0.46

PLGA-PEG nanoparticles 165.28 ± 0.83 0.11 ± 0.04 -14.6 ± 3.93

PLGA nanoparticles 297.0 ± 6.63 0.25 ± 0.18 -26.9 ± 4.2

PLGA-PEG nanoparticles 196.78 ± 5.27 0.18 ± 0.062 -14.9 ± 3.05

PLGA nanoparticles 310 ± 11.75 0.28 ± 0.09 -28 ± 4.54

PLGA-PEG nanoparticles 201.6 ± 4.10 0.18 ± 0.053 -14.3 ± 0.13

1%

-

0.1%

0.5%
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The effect of organic phase to aqueous phase volume ratio was examined at a 

constant polymer and surfactant concentration (0.5 % and 0.1 %, respectively). 

The determined volume ratios were in accordance with the previosly reported 

studies [265, 266]. When organic phase to aqueous phase volume ratio was 

varied during formulation process, inversely proportional increase in mean size of 

nanoparticles was observed (Table 4.6). The increase in aqueous phase volume 

led to reduction in particle size due to increase of dispersion ability of the water-

soluble organic solvent and polymer in the aqueous phase, resulting smaller 

particles. Thus, larger particle size was obtained for formulations containing less 

aqueous phase. The obtained results are in accordance with the results of studies 

reported by Fonseca et al [265], Lancheros et al [266], Peltonen et al [267] and 

Higuchi et al [268].  

 

Table 4.6. The effect of organic phase to aqueous phase ratio (v/v) on particle size, 
polydispersity index and ζ-potential of PLGA and PLGA-b-PEG nanoparticles. Data was 
represented as the mean±SEM of three independent batches. 

 

 

4.3.4. Prepation of Drug Loaded Nanoparticles 

According to results obtained from pre-formulation studies of blank PLGA and 

PLGA-b-PEG nanoparticles, 0.5 % w/v polymer, 0.1 % v/v surfactant and 1:5 

organic to aqueous phase volume ratio were selected as parameters for ETA 

loaded formulations. Various concentrations of ETA (10 mg, 25 mg and 50 mg) 

Organic 

phase:aqueous 

phase (v/v)

Formulations
Particle Size 

(nm)

Polydispersity 

Index (PI)

Zeta Potential 

(mV)

PLGA nanoparticles 306.25 ± 4.73 0.32 ± 0.12 -26.3 ± 0.65

PLGA-PEG nanoparticles 179.82 ± 6.09 0.19 ± 0.06 -13.8 ± 4.23

PLGA nanoparticles 281.26 ± 3.93 0.21 ± 0.09 -26.03 ± 0.41

PLGA-PEG nanoparticles 161.34 ± 2.37 0.16 ± 0.05 -14.08 ± 2.56

PLGA nanoparticles 224.6 ± 2.79 0.18 ± 0.04 -25.7 ± 2.9

PLGA-PEG nanoparticles 116.23 ± 2.78 0.12 ± 0.021 -13.7 ± 2.0

1:1

1:2

1:5
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were loaded to optimized formulations and the effect of ETA concentration on 

physicochemical properties of PLGA and PLGA-b-PEG nanoparticles were 

evaluated in terms of  particle size, polydispersity index and ζ-potential. As shown 

in Table 4.7., particle size increased with the drug concentration. 

 

Table 4.  7. The effect of drug concentration (w/v) on particle size, polydispersity index 
and ζ-potential of PLGA and PLGA-b-PEG nanoparticles. Data was represented as the 
mean±SEM values of three independent batches. 

 

 

The mean particle size of PLGA and PLGA-b-PEG nanoparticles increased from 

292.55±3.22 to 321.42±7.42 and from 127.19±21.8 to 163.72±5.82, respectively 

by increasing the drug concentarion from 2 mg/ml to 10 mg/ml. Shifts in the PDI of 

nanoparticles were also observed with the increase of drug concentration. 

Nanoparticles with different initial drug concentration were compared to blank 

nanoparticles in terms of PDI values. In PLGA-b-PEG nanoparticles, PDI of 

formulation increase  from 0.154 for the 1% loading to 0.203 for the 5% loading 

and 0.212 for the 10% loading. However, no significant difference in either particle 

size or PDI between 2 mg/ml and 5 mg/ml of drug concentration was observed 

(p>0.05). The drug concentration in nanoparticles  should be kept as high as 

possible in order to achieve desireable concentration for in vitro inhibition studies. 

Therefore, 5 mg/ml of drug concentration was selected for further studies. These 

Drug 

concentation
Formulations

Particle Size 

(nm)

Polydispersity 

Index (PI)

Zeta Potential 

(mV)

PLGA nanoparticles 292.55 ± 3.22 0.29 ± 0.004 -25.7 ± 1.73

PLGA-PEG nanoparticles 127.19 ± 2.18 0.18 ± 0.03 -13.2 ± 3.50

PLGA nanoparticles 295.50 ± 4.07 0.28 ± 0.05 -22.31 ± 1.52

PLGA-PEG nanoparticles 128.51 ± 1.63 0.17 ± 0.09 -13.11 ± 3.26

PLGA nanoparticles 321.42 ± 7.42 0.32 ± 0.10 -19.2 ± 1.3

PLGA-PEG nanoparticles 163.72 ± 5.82 0.20 ± 0.01 -10.6 ± 3.7

2 mg/ml

5 mg/ml

10 mg/ml
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findings are consistent with the research showing that docetaxel encapsulated 

PLGA-b-PEG nanoparticles’ size and PDI increased with increased concentration 

of docetaxel [260]. Reduction in the ζ-potential of both ETA loaded PLGA and 

PLGA-b-PEG nanoparticles compared to blank nanoparticles was observed 

because of slight positive charge of ETA at neutral pH ranges. The results were 

directly in line with previous finding [269]. 

4.3.5. Preparation and Characterization of mPEG–PLGA–SS–ETA 
Nanoconjugates  

Drug-polymer nanoconjugates are remarkable delivery systems in nanomedicine. 

Their functional capabilities to deliver multiple agents with different chemical 

features in vitro or in vivo provide much more benefits than nanoparticles.  

Nanoconjugates were prepared from mPEG–PLGA–SS–ETA by single emulsion-

solvent evaporation method as describe in the Section 3.2.3.6. Influence of 

polymer concentration on the physicochemial properties of nanoconjugates was 

evaluated in terms of particle size, polydispersity index and ζ-potential. Table 4.8 

showed the physicochemical properties of nanoconjugates. As it can be clearly 

seen from the results, mean particle size of nanoconjugates was highly dependent 

on polymer concentration. Reduction in the polymer concentration resulted in 

smaller formulations. The smallest formulation was obtained with 2% (w/v) of 

polymer concentration. As mentioned in the Section 4.3.3., it would be explained 

by viscosity of the organic phase. Increase in the polymer concentration also 

increased the viscosity of organic phase followed by reduction in the dispersion 

rate, resulting in precipitation of larger particles. Polymer concentration had 

significant impact also on PDI of nanoconjugates (p<0.01). Decrease in the 

polymer concentration led to formation of highly monodispersed nanoparticles. No 

significant effect on the ζ-potential was observed (p>0.05). Hence, nanoconjugates 

were prepared by 2% (w/v) of initial polymer concentration for further studies.  
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Table 4.  8. Effect of polymer concentration (w/v) on particle size, polydispersity index 
and ζ-potential of PLGA and PLGA-b-PEG nanoparticles. Data was represented as the 
mean±SEM values of three independent batches. 

 

 

4.3.6. Morphological Analysis of Nanoformulations 

The morphologies of nanoformulations were investigated by scanning electron 

microscopy (SEM). Mean particle size results obtained by Zetasizer analysis were 

also confirmed by SEM. Figure 4.24. showed SEM images of the 

nanoformulations. It could be clearly seen that nanoformulations exhibited 

spherical morphology, with particle size ranging between 150-200 nm. These 

results were in agreement with DLS results.  

 

Figure 4.24. Scanning electron microphotographs of ETA loaded PLGA-b-PEG 

nanoparticles and mPEG–PLGA–SS–ETA nanoconjugates. 

 

 

 

Polymer 

concentation
Formulations

Particle Size 

(nm)

Polydispersity 

Index (PI)

Zeta Potential 

(mV)

2%
mPEG–PLGA–SS–ETA 

Nanoconjugate
116.55 ± 1.02 0.114 ± 0.008 -8.78 ± 0.30

2.5%
mPEG–PLGA–SS–ETA 

Nanoconjugate
198.47 ± 3.21 0.26 ± 0.051 -7.43 ± 0.49

3%
mPEG–PLGA–SS–ETA 

Nanoconjugate
252.23 ± 1.78 0.31 ± 0.006 -7.12 ± 0.9
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4.3.7. Entrapment Efficiency and Loading Capacity of Nanoformulations 

Entrapment efficiency and loading capacity were evaluated for both 

nanoformulations. As seen in Table 4.9., increased entrapment efficiency and 

loading capacity were observed for mPEG–PLGA–SS–ETA nanoconjugates than 

PLGA-b-PEG nanoparticles. In other words, conjugation of ETA with the polymer 

enhanced the loading capacity as well as the entrapment efficiency. This could be 

due to self-assembly ability of the nanoconjugate. Since the therapeutic agent is 

present during the formation of self-assembled formulations, loss of drug is 

minimized and drug loading capacity increases [270, 271]. mPEG–PLGA–SS–ETA 

is an amphiphilic polymer. mPEG segment of the conjugate functions as the 

hydrophilic part while PLGA–SS–ETA block acts as the hydrophobic part. Under 

aqueous conditions, this conjugate could self-assembled into nanosized micelle 

due to its amphiphilic nature [269]. Conjugation of polymers with therapetic agents 

offers advantages compared to the physical encapsulation of therapeutics in an 

inert carrier in terms of high drug-loading nanomedicines as well as their 

capabilities to deliver multiple agents because of self-assembly ability [271]. These 

results were in great accordance with the studies reported by Shen et al. [272], 

Gou et al. [273] and  Zhang et al. [274]. Similarly, Zhou et al [275] conjugated the 

polyacrylate amphiphiles with the camptothecin, a hydrophobic drug, to enhance 

the loading capacity. The resulting amphiphilic conjugate self-assembled into 

micelles and a high drug-loading content of 60 % for camptothecin was obtained.  

 

Table 4.  9. The effect of drug concentration (w/v) on particle size, polydispersity index 
and ζ-potential of nanoformulations. Data was represented as the mean±SEM values of 
three independent batches. 

 

 

Formulations
Encapsulation efficiency                                     

(%)         

Loading capacity             

(%)

PLGA-PEG nanoparticles 33.6 ± 2.2 24 ± 3 

mPEG–PLGA–SS–ETA 

Nanoconjugate
63.4 ± 6.1 53 ± 5
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4.3.8. In vitro Release Studies 

In vitro release studies are crucial to evaluate the therapeutic efficacy and in vivo 

behaviour of nanomedicines [276, 277]. In release studies, solubility of the 

therapeutic agent is an important parameter for its diffusion across the dialysis 

membrane [278, 279]. Hence, in vitro release profiles of both PLGA-b-PEG 

nanoparticles and PEG–PLGA–SS–ETA nanoconjugates were investigated by 

dialysis method in two different release medium. Since ETA is soluble in ethanol, 

ethanol:PBS buffer was selected as the release medium. As extended studies 

indicated elevated GSH levels in cancer cells [190, 280, 281], the effect of GSH on 

release kinetics of nanoformulations were assessed. Therefore, ethanol:PBS 

buffer with 10 mM GSH was also evaluated.  The measured acidic pH of 

extracellular fluid of solid tumors has extensively been documented for a few 

decades, combined with biological backgrounds of this observation. The acidic pH 

is now regarded as a phenotype of solid tumors for their growth and invasiveness. 

This finding has prompted investigators to fabricate pH-sensitive carriers by 

decorating the surface with carboxylic groups. Based on their findings, at pH 6.8 

and 6.4 the pH-sensitive nanoparticles aggressively bounded to tumor cells. So, 

release medium with different pH values were also evaluated. Figure 4.25.-4.28. 

show cumulative ETA release from nanoformulations as a function of time. As 

expected, a biphasic release pattern was observed for all formulations with an 

initial burst effect followed by extended release phase. Results also suggested that 

the release rate of ETA from nanoconjugates were increased with the presence of 

GSH. 55.50% of ETA was released from mPEG-PLGA-SS-ETA nanoconjugates in 

the first 8 hours in the medium with GSH at pH 6.8. However, almost the same 

amount of ETA was released during 18 hours in the medium with GSH. These 

results were attributed to cleavage of the disulfide bonds in the nanoconjugate by 

GSH [282]. However, GSH had no significant effect on the PLGA-b-PEG 

nanoparticles’ release pattern. PLGA-b-PEG nanoparticles released ~ 60% of ETA 

within 24 hours either with or without GSH and its release remained up to 5 days 

at pH 7.4. This initial burst effect of PLGA-b-PEG nanoparticles might be due to 

the drug  that was adsorbed or close to the surface of the nanoparticles [283]. 

Moreover, PLGA-b-PEG nanoparticles could be degragaded due to the hydrophilic 

character of PEG chain [284]. Similar results were reported by Davaran et al. 

[285], Hines et al. [286] and Amin et al. [287]. 
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Figure 4.25. In vitro release profile of nanoparticles at pH 6.8. 

 

Figure 4.26. In vitro release profile of nanoparticles at pH 7.4. 
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Figure 4.27. In vitro release profile of nanoconjugates at pH 6.8. 

 

Figure 4.28. In vitro release profile of nanoconjugates at pH 7.4. 
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4.3.9. Stability of Nanoparticles 

The stability of nanoformulations were investigated during storage either at room 

temperature or at +4°C and their physicochemical properties were determined at 

various time intervals. As it can be seen from Table 4.10., no significant change in 

physicochemical properties of PLGA-b-PEG nanoparticles was observed until 

storage of 2 months. After 2 months, aggregation in PLGA-b-PEG nanoparticles 

stored at room temperature was observed while nanoparticles stored at +4°C were 

still stable. However, aggregation in mPEG-PLGA-SS-ETA nanoconjugates 

started after 1 month of storage. Mean particle size and PDI of the nanoconjugates 

significantly increased due to aggregation (Table 4.11).  mPEG-PLGA-SS-ETA 

nanoconjugates are the non-covalently conjugated self-assembilies. In long 

storage periods, hydrophilic mPEG chain can disassemble from micelle and critical 

micelle concentration can decrease below the threshold resulting in disassociation 

of self-assembly.  

Table 4.10. Stability of ETA-loaded PLGA-b-PEG nanoparticles at room temperature 

and at +4°C. 

 Room Temperature 

 1 month 2 months 3 months 4 months 

Particle size (nm) 131.22 ± 2.05 133.56 ± 3.67 237.72 ± 5.98 294.72 ± 4.31 

PDI 0.18 ± 0.06 0.19 ± 0.02 0.26 ± 0.07 0.34 ±0.1 

Zeta potential (mV) -12.40 ± 2.1 -13.23 ± 1.0 -10.05 ± 1.1 -10.38 ± 0.9 

 +4°C 

 1 month 2 months 3months 4months 

Particle size (nm) 129.43 ± 3.01 132.61 ± 4.6 133.79 ± 5.7 130.02 ± 5.6 

PDI 0.17 ± 0.02 0.17 ± 0.08 0.18 ± 0.02 0.19 ± 0.04 

Zeta potential (mV) -12.84 ± 3.6 -11.03 ± 2.8  -12.20 ± 1.8 -12.35 ± 4.6 
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Table 4.11. Stability of mPEG-PLGA-SS-ETA nanoconjugates at room temperature and 

at +4°C. 

 Room Temperature 

 1 month 2 months 3 months 4 months 

Particle size (nm) 138.49 ± 6.52 145.69 ± 4.51 161.93 ± 2.20 179.42 ± 2.82 

PDI 0.15 ± 0.01 0.18 ± 0.06 0.20 ± 0.08 0.28 ±0.04 

Zeta potential (mV) -9.23 ± 1.6 -12.83 ± 3.2 -11.42 ± 4.0 -13.28 ± 2.5 

 +4°C 

 1 month 2 months 3months 4months 

Particle size (nm) 134.25 ± 6.21 139.26 ± 2.3 178.21 ± 2.9 176.62 ± 7.9 

PDI 0.15 ± 0.03 0.17 ± 0.04 0.21 ± 0.07 0.23 ± 0.12 

Zeta potential (mV) -10.92 ± 4.3 -10.26 ± 3.1  -11.54 ± 5.7 -13.62 ± 5.1 

 

4.3.10. Sterilization of Nanoformulations and Steriliy Control 

As nanomedicines are important tools for delivering therapeutic agents to cells 

and/or to the organisms, their sterility has great importance to avoid 

contamination. Two different strategies were used to sterilize the 

nanoformulations; filter sterilization and UV-irridation. Neither bacterial nor fungal 

growth was observed after the incubation period. Both methods can be used to 

sterilize formulations. 

4.3.11. Antibody Conjugation of Nanoformulations 

Nanoformulations were prepared with various concentrations of FITC-conjugated 

Vimetin mAb and the conjugation of the mAb Vimentin on the surface of 

nanoformulations was confirmed by Bradford assay. Amount of antibody 

conjugated to nanoformulations was quantified by BSA calibration curve (Figure 

4.29). Covalent conjugation of the antibody was validated with conjugation 

efficiency 54,8%, 72,3% and 81.4% for PLGA nanoparticles, PLGA-b-PEG 

nanoparticles and mPEG-PLGA-SS-ETA nanoconjugates, respectively. Increasing 

the antibody concentration from 10 μg to 50 μg increased the conjugation 

efficiency with no significant increase in particle size. Antibodies which have a 

hydroxyl as the end functional group, preferentially bound to the PEG backbone. 

Hence, PLGA-b-PEG nanoparticles had higher antibody conjugation efficiency 

than PLGA nanoparticles. Therefore, antibodies bound to methoxy functionalized 

PEG conjugates with higher affinity than binding to non-functionalized PEG.  
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Figure 4.29. BSA validation curve. 

 

4.3.12. In vitro Cytotoxicity 

Cytotoxicity studies are important initial steps to evaluate the biocompability of the 

material used for medical applications [288]. The L929 mouse fibroblasts is a well 

established and commonly used cell line for cytotoxicity evaluation of 

nanomaterials [289-291]. In this study, possible cytotoxic effects of 

nanoformulations were evaluated on L929 cell line. The effect of different 

concentrations of nanoformulations on L929 cell viability  was determined with 

MTT assay. Figure 4.30., Figure 4.31. and Figure 4.32 showed the percentage 

viability of L929 cells following 24 and 48 hours incubation with nanoparticles, 

nanoconjugates and ETA-loaded nanoparticles, respectively. The results clearly 

demonstrated that nanoformulations showed concentration dependent toxicity. 

There was no significant difference in cell viability between 24 hours and 48 hours 

incubation periods (p>0.05). These results suggested that the nanoformulations 

were not toxic in the range of 20-60 µg/ml and could be used in safety.  
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Figure 4.30. Cytotoxicity of PLGA-b-PEG  nanoparticles on L929 cells. (*p<0.05 vs 
control). 

 
Figure 4.31. Cytotoxicity of mPLGA-PEG-SS-ETA  nanonanoconjugates on L929 cells. 

(*p<0.05 vs control). 
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Figure 4.32. Cytotoxicity of ETA-loaded PLGA-b-PEG nanoparticles on L929 cells. 

(*p<0.05 vs control). 

 

4.4. In vitro studies 
4.4.1. Treatment of OxidativeStress Generated Epithelial and Mesenchymal 

Phenotypes of HT-29 Cells with Nanoparticulated ETA 

Oxidative stress generated epithelial and mesenchymal phenotypes of HT-29 cells 

were treated with free ETA, ETA loaded nanoformulations and 

immunonanoformulations at ETA concentrations ranging from 0.1 μg/ml to 

1.6 μg/ml. The concentration of ETA in nanoformulations was estimated by drug 

content studies. IC50 values of all formulations both for epithelial and mesenchymal 

phenotypes of HT-29 cells were determined as described in Section 3.2.4.1. 

Figures 4.33.- 4.36. show the IC50 values of nanoformulations. IC50 values of free 

ETA, ETA-loaded PLGA-b-PEG nanoparticles, mPEG-PLGA-SS-ETA 

nanoconjugates, Vim-conjugated-PLGA-b-PEG nanoparticles and Vim-

conjugated-mPEG-PLGA-SS-ETA nanoconjugates were 9.10 µM, 8.60 µM, 8.30 

µM, 7.70 µM and 6.01 µM, respectively for mesenchymal phenotypes of HT-29 

cells. It can be clearly seen that the Vim-free and Vim-conjugated 

nanoformulations accumulated in mesenchymal cells to a greater extent than free 

ETA. This result can be attributed to enhanced permeation and retention effect of 

nanoformulations. Moreover, IC50 values determined for Vim-free formulations 

were significantly higher than those obtained for immunonanoformulations. Thus, 
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immunonanoformulations markedly enhanced the GST-π inhibition with lower IC50 

values. These results indicated that the vimentin conjugation enhanced the cellular 

uptake of nanoformulations in mesenchymal phenotypes of HT-29 cells via 

receptor-mediated endocytosis. The combined effect of active targeting and 

enhanced cellular uptake of Vim-conjugated nanoformulations would be the main 

reason for the lower IC50 values of immunonanoformulations than for the Vim-free 

nanoformulations. Therefore, Vim-conjugated-mPEG-PLGA-SS-ETA 

nanoconjugates inhibited GST-π activity at lower concentrations than at Vim-

conjugated-PLGA-b-PEG nanoparticles. These results confirmed that the 

nanoconjugates have greater capacity for loading ETA than PLGA-b-PEG 

nanoparticles have. In contrast, Vim-conjugation did not affect the uptake of 

nanoformulations in epithelial phenotypes of HT-29 cells. IC50 values of free ETA, 

ETA loaded PLGA-b-PEG nanoparticles, mPEG-PLGA-SS-ETA nanoconjugates, 

Vim-conjugated-PLGA-b-PEG nanoparticles and Vim-conjugated-mPEG-PLGA-

SS-ETA nanoconjugates were 6.4 µM, 5.30 µM, 4.70 µM, 5.20 µM and 4.2 µM, 

respectively, for epithelial phenotypes of HT-29 cells. IC50 values of either ETA-

loaded nanoparticles and Vim-conjugated ETA-loaded nanoparticles or mPEG-

PLGA-SS-ETA nanoconjugates and Vim-conjugated-nanoconjugates were not 

statistically significant (p>0.05). These results confirmed that epithelial phenotypes 

of HT-29 cells did not express vimentin. Therefore, IC50 values of nanoconjugated 

ETA was lower than of nanoparticulated ETA, also confirming that nanoconjugates 

had greater capacity for loading ETA than did PLGA-b-PEG nanoparticles. 
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A) B)  

   

Figure 4.33. Determination of % GST-π activity following treatment with various 

concentrations of A) ETA loaded PLGA-b-PEG nanoparticles B) PLGA-PEG-SS-ETA  

nanoconjugates for epithelial phenotypes of HT-29 cells. 

 

A)     B) 

   
Figure 4.34. Determination of % GST-π activity following treatment with various 

concentrations of A) ETA loaded PLGA-b-PEG immunonanoparticles B) PLGA-PEG-SS-

ETA immunonanoconjugates for epithelial phenotypes of HT-29 cells. 
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A)  B) 

  
Figure 4.35. Determination of % GST-π activity following treatment with various 

concentrations of A) ETA loaded PLGA-b-PEG nanoparticles B) PLGA-PEG-SS-ETA 

nanoconjugates for mesenchymal phenotypes of HT-29 cells. 

 

 

A)                                                                B)     

  

Figure 4.36. Determination of % GST-π activity following treatment with various 

concentrations of A) ETA loaded PLGA-b-PEG immunonanoparticles B) PLGA-PEG-SS-

ETA  immunonanoconjugates for mesenchymal phenotypes of HT-29 cells. 
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4.4.2. Treatment of Oxidative Stress Generated Epithelial and Mesenchymal 
Phenotypes of HT-29 Cells with FOLFOX 

The viability of the epithelial and mesenchymal phenotypes of HT-29 cells 

exposed to FOLFOX was determined by MTT assay following 24 hours of 

treatment. As shown in Figure 4.37-A., the viability of the epithelial and 

mesenchymal phenotypes of HT-29 cells decreased significantly following 24 

hours of incubation with FOLFOX as compared to untreated controls. However, 

the reduction in the cell viability of epithelial phenotype was significantly greater 

than in the mesenchymal phenotype of HT-29 cells following tretment (Ψ<0.01).  

These results demonstrated that mesenchymal phenotypes of HT-29 cells 

exhibited resistance to FOLFOX regimen (Figure 4.37-B).  

 

A)                                                                B)  

            

Figure 4.37. Determination of % cell viability of epithelial and mesenchymal phenotypes 

of HT-29 cells following treatment with A) FOLFOX and B) ETA plus FOLFOX. Data are 

represented as the mean±SEM (*p<0.05, **p<0.01 and ***p<0.001 vs control; ΨΨp<0.01 vs 

epithelial phenotypes of HT-29 cells). 
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As indicated in Section 4.2.1., GST-π expression and protein levels were 

remarkably increased in mesenchymal phenotypes of HT-29 cells. The combined 

results of lower reduction rate in cell viability and enhanced GST-π protein levels 

also indicate the importance of GST-π activity in the resistance of mesenchymal 

phenotype of HT-29 cells to FOLFOX regimen, making it a potential target to 

overcome drug resistance in CRC cells undergo EMT. 

4.4.3. Treatment of Oxidative Stress Generated Epithelial and Mesenchymal 
Phenotypes of HT-29 cells with ETA plus FOLFOX 

Both phenotypes of HT-29 cells were treated with 4.2 µM ETA (the dosage that 

inhibited at least 70% of GST-π activity both in two phenotypes of HT-29 cells) 

followed by FOLFOX treatment. It could be clearly seen from Figure 4.38. that 

inhibiton of GST-π activity with ETA further decreased the cell viability in 

mesenchymal cells. In other words, the sensitivity of the mesenchymal phenotypes 

of HT-29 cells to FOLFOX regimen was significantly increased in the presence of 

ETA, suggesting that over-activity of this detoxifiying enzyme was responsible for 

the resistance to chemotherapetics in mesenchymal phenotypes of HT-29 cells. 

MTT assay results demonstrated that pretreatment with ETA significantly decresed 

the mesenchymal cell viability as compared to untreated controls (p<0.01). 

Morever, a significant decrease in the viability of mesenchymal phenotypes of HT-

29 cells pretreated with ETA was observed as compared to those treated with only 

FOLFOX regimen (Ψ<0.05). As shown in Figure 4.38., epithelial cell viability also 

decreased significantly as compared to untreated control following ETA+FOLFOX 

tratment (p<0.001). However, the difference between cell viability rates of 

FOLFOX-treated and ETA+FOLFOX treated epithelial cells was not statistically 

significant. These results were in great accordance with the results indicated in 

Section 4.2.2. that showed the inhibitory effect of ETA on the GST-π activity. All of 

these data also suggested that inhibition of GST-π activity following ETA treatment 

reversed the resistant phenotype of mesenchymal cells and enhanced the 

adjuvant therapy efficacy in mesenchymal phenotypes of HT-29 cells.  
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A)  B) 

         

Figure 4.38. Determination of % cell viability of A) epithelial and B) mesenchymal 

phenotypes of HT-29 cells following treatment with FOLFOX and ETA plus FOLFOX. Data 

are represented as the mean±SEM (*p<0.05, **p<0.01 and ***p<0.001 vs control; Ψp<0.05 

vs epithelial phenotypes of HT-29 cells). 

 

4.4.4. Treatment of Oxidative Stress Generated Epithelial and Mesenchymal 
Phenotypes with Nanoparticulated ETA plus FOLFOX 

Epithelial and mesenchymal phenotypes of HT-29 cells were pretreated with ETA 

loaded nanoformulations and immunonanoformulations at 4.2 µM ETA 

concentration for 24 hours and then exposed to FOLFOX regimen for additional 24 

hours. Figure 4.39. show the relative viability of epithelial and mesenchymal 

phenotypes of HT-29 cells as reported by the MTT assay when incubated with 

ETA loaded nanoparticles or ETA-loaded immunonanoparticles. As shown in 

Figure 4.39., inclusion of ETA-loaded PLGA-b-PEG nanoparticles and ETA-loaded 

immunonanoparticles increased cytotoxicity of FOLFOX regimen in epithelial 

phenotypes of HT-29 cells. As expected, ETA-loaded immunonanoparticles 

showed no discernable effect on the epithelial cell viability as compared to ETA-

loaded nanoparticles, suggesting that epithelial phenotypes of HT-29 cells did not 
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express vimentin. However, ETA-loaded immunonanoparticles decreased  the 

mesenchymal cell viability at a greater extent as compared to ETA-loaded 

nanoparticles. This greater reduction in the cell viability of mesenchymal cells 

suggested that these immunonanoparticles succesfully accumulated in the 

vimentin overexpressed cells. Epithelial and mesenhymal phenotypes of HT-29 

cells were also pretreated with PLGA-PEG-SS-ETA nanoconjugates or PLGA-

PEG-SS-ETA immunonanoconjugates.  

 

 
Figure 4.39. % cell viability of epithelial and mesenchymal phenotypes of HT-29 cells 

following treatment with ETA loaded nanoparticles and ETA loaded immunonanoparticles. 

Data are represented as mean±SEM (***p<0.001  and ****p<0.0001 vs control). 
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Figure 4.40. % cell viability of epithelial and mesenchymal phenotypes of HT-29 cells 

following treatment with PLGA-PEG-SS-ETA nanoconjugates and PLGA-PEG-SS-ETA 

immunonanoconjugates. Data are represented as mean±SEM (****p<0.0001 vs control). 

 

Neither nanoconjugates nor immunonanoconjugates showed further sensitization 

to FOLFOX regimen in epithelial phenotypes of HT-29 cells whereas 

mesenchymal cell viability significantly decreased by addition of either ETA loaded 

nanoconjugates or ETA-loaded immunonanoconjugates. Morover, FOLFOX 

regimen was more effective in mesenchymal phenotype of HT-29 cells following 

immunonanoconjugate treatment (Figure 4.40). All of these data indicated that 

both increased accumulation of ETA in the mesenchymal cells as well as 

enhanced adjuvant therapy efficacy were achieved when 

immunonanoformulations were used. Figure 4.41 and Figure 4.42 showed the 

effectiveness of different treatment options for epithelial and mesenchymal 

phenotypes of HT-29 cells  
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Figure 4.41. Determination of % cell viability of epithelial phenotypes of HT-29 cells 

following treatment with FOLFOX, ETA plus FOLFOX and different nanoformulations plus 

FOLFOX. Data are represented as mean±SEM (***p<0.001 and ****p<0.0001 vs control; 

Ψp<0.05 vs group treated with FOLFOX). 

 

Figure 4.42. Determination of % cell viability of mesenchymal phenotypes of HT-29 cells 

following treatment with FOLFOX, ETA plus FOLFOX and different nanoformulations plus 

FOLFOX. (*p<0.05, **p<0.01,***p<0.001 and ****p<0.0001 vs control; Ψp<0.05, ΨΨp<0.01, 

ΨΨΨp<0.001 and ΨΨΨΨp<0.0001 vs group treated with FOLFOX). 
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4.5. In vivo Studies 

In vivo studies were conducted to determine whether the ETA-loaded 

immunonanoformulations were effective to inhibit GST-π activity and able to 

enhance the adjuvant therapy efficacy. For this purpose, fourty-two rats previously 

injected with 50 × 106 cells were randomly divided into 7 groups and sacrified at 

15, 30, 45, 60, 75, 85 and 95 days respectively after cell injection. For each group, 

colorectal tissues of 6 animals were collected following sacrification. As shown in 

Figure 4.46., animals presented no signs of morphological changes up to 60 days. 

At 10 weeks of injection, all of the animals developed intestinal inflammation 

characterized by the presence of granulomas (Figure 4.43 and Figure 4.44). 

Granulomatous inflamation has been described in association with micro-invasive 

breast carcinomas and in relation to microscopic foci of colonic carcinoma within 

perivascular mesenteric fat [292]. However, no necrotic malignant cells were 

observed in these granulomas. These granulomas observed frequently in the 

middle and distal colon reached 5-10 mm in diameter at 95th day.  

Cyclooxygenase (COX) is one of the rate-limiting enzymes in synthesis of 

prostaglandins which play a key role in the generation of the inflammatory 

response. Among two isoforms of COX, COX-1 and COX-2, COX-1 is expressed 

in normal intestine whereas COX-2 is responsible for inflammation and induced by 

mitogens, cytokines and growth factors. Indeed, overexpression of COX-2 both in 

human and rat colorectal carcinogenesis has been reported. Therefore, in addition 

to morphological examination, the expression of COX-2 either in colorectal tissues 

of all animals or in granulomas was evaluated. Mean COX-2 mRNA level of 

animals in the control group was evaluated as baseline level. Figure 4.45. 

demonstrates the relative colonic COX-2 mRNA levels of animals both in control 

group and CRC-1 group. Coincident with the morphological changes, elevated 

COX-2 expression levels were observed either in colorectal tissue or in 

granulomas. COX-2 expression in HT-29 CRC cell injected rats markedly 

increased in a time dependent manner. The increase in COX-2 expression was 

slightly but not significantly higher in the colorectal tissue dissected 15 days after 

injection than in healthy colorectal tissue. 30 days after HT-29 CRC cell injection, a 

significant increase in colonic COX-2 mRNA levels was observed (p<0.05). 

Maximal change in mRNA levels of COX-2 occured at the 95th day after HT-29 
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CRC cell injection. Therefore, 95th day was accepted as day 0 for EMT studies 

considering the increase in COX-2 expression and morphological changes. 

 

 

Figure 4.43. In vivo images of the colorectal tissues of rats on the day 0-95th. 
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A)   B)   

Figure 4.44. Photomicrograph showing granuloma formation A) H&E stain, x100           

B) H&E stain, x400. 

 

 
Figure 4.45. Relative colonic COX-2 mRNA levels between 15-95th days. (*p<0.05, 

**p<0.01 and ***p<0.001 vs control). 
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After formation of granulomas, EMT development period was also determined in 

the animals. To demonstrate the existence of EMT in in vivo, the granulomas and 

adjacent colorectal tissue were dissected from the sacrificed rats at the indicated 

days (0-20 days). Homojenates both of granulomas and colorectal tissue were 

subjected to qRT-PCR analysis to evaluate the changes in gene expression 

associated with EMT. The observed patterns in mRNA expression were consistent 

with EMT. As expected, the  epithelial markers E-cadherin and Zonula occludens 

expressions were downregulated in a time dependent manner. No heterogeneity 

of expression within granulomas in the same group was observed (Figure 4.46).  

 

 
Figure 4.46. Relative mRNA levels of epithelial markers on the 95-115th days after 

injection of HT-29 CRC cells into rats. (*p<0.05, **p<0.01 and ***p<0.001 vs control). 
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Coincident with these changes in epithelial markers, expression of mesenchymal 

markers increased in a time-dependent manner. As it can be clearly seen from 

Figure 4.47., mRNA levels of mesenchymal markers following 115 days (95 days 

for formation of granulomas and 20 days for EMT developmet) were significantly 

higher than those following 95 days (p<0.0001). Decreased expression of 

epithellial markers and the upregulation of mesenchymal markers supported the 

transition of epithelial cells into mesenchymal phenotype. However, heterogeneity 

of expression patterns of mesenchymal markers, especially in fibronectin, was 

observed in the same group. This can be due to the presence of different 

subpopulations in EMT. Granulomas generally consist of connective tissue, blood 

vessels and inflammatory cells. Cells transformed to mesenchymal phenotype are 

adjacent to the blood vessel-enriched stroma [293].   

 
Figure 4.47. Relative mRNA levels of mesenchymal markers on the 95-115th days after 

injection of HT-29 CRC cells into rats. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 vs 

control). 

V
im

e
n

ti
n


-S

M
A

N
-c

a
d

h
e
r i

n

F
ib

ro
n

e
c
t i

n

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

R
e

la
ti

v
e

 m
R

N
A

 l
e

v
e

ls

C o n tro l

D a y  0

10
t h

d a y

20
t h

d a y

*

* *

* * *

*

* *

* * * *

*

* * * *

*

* *

* * *



109 
 

Development of EMT in the granulomas was also evaluated by 

immunohistochemical analysis. However, immunohistochemical results were not 

correlated with qRT-PCR analysis data that supported the transformation of the 

cells (Figure 4.48).  

 

 

Figure 4.48. Immunohistochemical staining of granulomas for expression of 

mesenchymal markers. 

 

After observation of granulomas formation and EMT development, rats bearing 

granulomas were received different treatment regimens. GST-π and COX-2 

expression levels were determined for each group at the end of treatment protocol. 

As depicted in the Figure 4.49., Group 2, Group 4 and Group 5 exhibited evidently 

higher COX-2 expression levels than FOLFOX regimen treated groups. No 

significant difference was observed between these three groups and control group. 
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Furthermore, much more reduction in the COX-2 expression levels was observed 

in the animals pretreated ETA or nanoformulated ETA than those treated with only 

FOLFOX regimen. In other words, increased responsiveness to FOLFOX regimen 

was observed in the groups pretreated with ETA or nanoformulated ETA, 

indicating a reduction of GST-π expression levels in the granulomas by the 

cotreatment of rats with FOLFOX and ETA. Group 6 showed the lowest COX-2 

mRNA level among all groups, suggesting that pretreatment with 

immunonanoconjugates was more effective to increase adjuvan therapy efficacy.  

 

Figure 4.49. Relative mRNA levels of COX-2 in rats after different treatment regimens. 

(*p<0.05, **p<0.01 and ***p<0.001 vs control). 

 

GST-π protein levels were further analysed to determine whether the reduction in 

COX-2 expression levels was due to the inhibition of GST-π with ETA. Protein 
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were significantly higher compared with granulomas treated with FOLFOX regimen 

plus ETA or plus nanoformulated ETA (Figure 4.50.). Furthermore, Group 6 

exhibited the highest inhibitory effect on GST-π protein level of the granulomas 

among all groups, suggesting immunonanoconjugates was more effective to 

deliver ETA than ETA-loaded immunonanoparticles because of its release profile 

and targeting efficiency. 

 

 

Figure 4.50. Protein levels of GST-π in rats after different treatment regimens. (*p<0.05, 

**p<0.01 and ***p<0.001 vs control). 
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Figure 4.51. Protein levels of MDA in the rats after different treatment regimens 

regimens. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 vs control). 

 

MDA levels were also determined to evaluate the lipid peroxidation levels. The 

drugs in the adjuvant combination, especially oxaliplatin, induced oxidative 

damage. Oxaliplatin exerts its cytotoxic effects via formation of platinum-DNA 

adducts that trigger immobilization of the mitotic cell cycle and stimulate apoptosis 

of dividing cells. This effect on the cancer cells was increased lipit peroxidation As 

it can be clearly seen in the control group, drugs had no peroxidation effect (Figure 

4.51.).  It can be clearly mentioned that resistance towards FOLFOX therapy 

developed in the animals due to overexpression of GST-π. ETA+adjuvan 

combinations. Following inhibition of GST-π with ETA (Group 2), lipid peroxidation 

levels increased. Furthermore, as expected MDA level was the highest in the 

group treated with nanoparticulated. Mesenchymal phenotype-targeted 

nanoformulations deliver ETA in vivo succesfully. 
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5. CONCLUSION 

 

This thesis is focused on role of GSTs in drug resistance profile of colorectal 

cancer cells that undergo EMT and design and development of a GST inhibitor 

targeting system which is directed to EMT to enhance the efficacy of adjuvant 

therapy  clinically used in CRC treatment.  

Conclusions obtained in the light of data from this thesis are as follows: 

1. In vitro EMT model was created succesfully in HT-29 CRC cells by 

induction with 10 ng/ml TGF-β1 for 48 hours. 

2. Elevated GST-π expression and protein levels were observed in the 

mesenchymal phenotype of HT-29 cells.  

3. Mesenchymal phenotype of HT-29 cells became oxidative stress resistant 

because of elevated GST-π activity. 

4. IC50 value of free ETA was found to be higher in mesenchymal phenotype 

than the one of epithelial phenotype. IC50 value of ETA in ETA-loaded 

PLGA-b-PEG nanoparticles was found to be decreased in mesenchymal 

phenotype of HT-29 cells. IC50 value of ETA in mPEG-PLGA-SS-ETA 

nanoconjugates was found to be lowered almost to the level of ETA in 

epithelial phenotype. 

5. PLGA-b-PEG nanoparticles and mPEG-PLGA-SS-ETA nanoconjugates 

were observed with appropriate mean particle size (<150nm), PDI (<0.2) 

and zeta potential values.  

6. HPLC method we modified and applied for the quantitative determination of 

ETA was found to be linear, precise, accurate, specific with low limits of 

detection and quantification for ETA. This analytical method was proved to 

be valid for the quantitative determination of ETA. 

7. The encapsulation efficiency and loading capacity of mPEG-PLGA-SS-ETA 

nanoconjugates were found to be higher than PLGA-b-PEG nanoparticles. 

8. Drug release experiments highlighted a sustained release of ETA from all 

nanoformulations. Elevated glutathione levels in release medium appeared 

to be accelerated the release of ETA from mPEG-PLGA-SS-ETA 
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nanoconjugates due to the disulfide bridge of the mPEG-PLGA polymer and 

ETA. 

9. Vimentin mAb conjugated mPEG-PLGA-SS-ETA nanoconjugates 

successfully targeted the ETA to the mesenchymal phenotype of HT-29 

cells. 

10.  Pretreatment with Vimentin-conjugated and ETA-loaded nanoformulations 

enhanced the efficacy of adjuvant therapy in mesenchymal phenotype of 

HT-29 cells. 

11. HT-29 CRC cell injection was succesfully formed granulomas in Wistar rats. 

12. After formation of granulomas, EMT was observed in rats and elevated 

GST-π activity was observed in the homojenates of granulomas. 

13. Pretreatment with Vimentin-conjugated and ETA-loaded nanoformulations 

enhance the efficacy of adjuvant therapy in vivo. 

 

Future studies with ETA-loaded nano-sized formulations are planned. Different 

polymeric delivery systems will be formulated for targeting ETA. Indeed, it is 

planned to investigate and develop selective GST-π inhibitors that are more 

efficient than ETA. In particular, the preparation of siRNA delivery systems 

directed to mesenchymal phenotypes of different colorectal cancer cell lines is 

envisaged. 
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