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ABSTRACT 
 

DETERMINATION OF THERAPEUTIC EFFECTS OF 
MULTIFUNCTIONAL MICELLE-BASED NANOCARRIERS ON 

BREAST CANCER CELLS 
 

Breast cancer is the most common and frequent cause of death among women 

composed to all types of cancer. Current treatment protocols do not provide complete 

cure or selective drug delivery while targeted therapy can provide an important avenue 

for successful treatment of breast cancer.  

In this study, therapeutic effects of drug-conjugated nanocarrier system with 

enhanced stability and double moiety pH-sensitivity on breast cancer (SKBR-3- HER-2-

positive), normal breast epithelial (MCF-10A, HER-2-negative) and chronic myeloid 

leukemia (K562, HER-2-negative) cells were determined. With this approach, SKBR-3 

cells were targeted by single nanocarriers having selectivity with unused peptide ligand 

(HER-2), stability with cross-linking of core moiety, and cleavage by two sites of pH-

effect and drug release properties. After physicochemical characterization of micelle-

based nanocarriers, cytotoxic, apoptotic and cytostatic effects of doxorubicin conjugated 

micelles were determined.  

Doxorubicin conjugated micelles with HER-2 peptide (DOX-HER-2-NCs) had 

more cytotoxic effects on HER-2 positive cells. Additionally, intracellular amounts of 

doxorubicin is higher in SKBR-3 cells with applied DOX-HER-2-NCs as determined by 

fluorescence imaging. The apoptosis rate was increased on SKBR-3 at 50% cell growth 

inhibition (IC50) as determined by Annexin-V/Propidium iodide double staining. 

However, there was not any significant change in loss of mitochondrial membrane 

potential. Additionally, DOX-HER-2-NCs resulted in cell cycle arrest at G2/M-phase in 

response to IC50 value. Besides, protein level of Bcl-2 did not change while protein level 

of Bax and Caspase-3 were increased as determined by Western Blotting. This project 

provides novel and more effective treatment of breast cancer by using multifunctional 

properties of nanocarriers. 
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ÖZET 
 

ÇOK FONKSİYONLU MİSEL NANOTAŞIYICILARIN MEME 
KANSERİ HÜCRELERİ ÜZERİNDEKİ TERAPÖTİK ETKİLERİNİN 

BELİRLENMESİ 
 

Tüm kanser türleri karşılaştırıldığında meme kanseri kadınlarda en sık rastlanan 

ve ölüme neden olan bir kanser türüdür. Mevcut tedavi yöntemleriyle tam bir tedavi 

olmadığından dolayı ilaçların seçici taşınması ve hedeflenmesi yöntemlerinin 

geliştirilmesiyle meme kanserinin tedavisi için önemli bir adım taşımaktadır. 

Bu çalışmada, geliştirilmiş stabilite ve çift-yarı pH duyarlılığına sahip ilaç 

konjuge edilmiş taşıyıcı misellerin terapötik etkileri, meme kanseri hücreleri (SKBR3-

HER-2-pozitif), normal meme epitel hücreleri (MCF-10A, HER-2-negatif) ve kronik 

miyeloid lösemi hücrelerinde (K562, HER-2-negatif) incelenmiştir. Bu yaklaşım için 

daha önce kullanılmayan peptid ligand (HER-2) ile seçiciliği, çekirdek kısmın çapraz 

bağlanması ile stabilitesi, iki pH-etki bölgesi ile ayrılması ve ilaç salım özellikleri ile 

SKBR-3 hücreleri hedeflenmiştir. Misel bazlı nanotaşıyıcıların fizikokimyasal 

karakterizasyonundan sonra, Doxurobicin ile konjuge misellerin sitotoksik, apoptotic, 

sitostatik etkileri belirlenmiştir.  

HER-2 peptidli olan doksorubisin konjuge misellerin (DOX-HER-2-NTs) HER-

2 pozitif hücrelerinde daha sitotoksik olduğu belirlendi. Aynı zamanda, DOX-HER-2-

NTs uygulanan SKBR-3 hücrelerinde Doxurobicin seviyesinin daha yüksek olduğu 

florasans görüntülemesi ile gözlemlendi. Annexin-V/Propidium iyodür çift boyamasına 

göre, SKBR-3 hücrelerinde IC50 (%50 inhibitor konsantrasyonu) değerinde apoptotsis 

oranı artmıştır. Ancak, mitokondrial potansiyelinde önemli bir değişim olmadığı 

gözlemlenmiştir. Ek olarak, IC50 değerindeki DOX-HER-2-NTs hücre döngüsüde 

G2/M-fazında tutuklamaya neden olduğu hücre döngüsü analizi ile belirlenmiştir. 

Western bloting çalışmalarında ise Bcl-2 protein oranı değişmezken Bax ve Kaspaz-3 

proteini artmaktadır. Bu çalışma çok işlevli nanotaşıyıcılar kullanılarak meme kanseri 

hastaları için yeni ve daha etkili bir tedavi yönteminin geliştirilmesi planlanmaktadır. 
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1 CHAPTER 1 
 

 

INTRODUCTION 

 

 

Cancer is a major health problem worldwide and is called a global burden of 

disease. According to statistical analysis, approximately 18.1 million people have been 

diagnosed with cancer and 9.6 million people have died in 2018. Around 18% of total 

cancer deaths are caused by lung cancer, followed by breast cancer at 11.6% (1).  

Cancer is known as uncontrolled cell growth and division. Cancer cells have the 

potential to invade and spread to other parts of the body (2, 3). Many reasons have been 

identified to induce cancer initiation and progression such as tobacco use, excessive 

consumption of alcohol, lack of physical activity, diet, obesity, infections, environmental 

pollution, and one’s genetic background (4). Determining the causes of cancer is crucial 

in attempting to solve the problem. The certain signs and symptoms of cancer are 

supported by screening tests. Early detection is critical to determine the treatment of 

cancer (5). Cancer treatment is based on the type of cancer, stage at diagnosis, duration 

of continued treatment, overall health of patients, and lifestyle (6, 7). Chemotherapy, 

immunotherapy, surgery, radiotherapy, stem cell transplantation, hormone therapy, and 

targeted therapy are the standard types of cancer treatment (8, 9). The purpose of 

chemotherapy is to kill cancer cells by using chemicals that targets cell division and 

suppress cell proliferation, but this application causes many side effects in patients (10). 

Immunotherapy provides the regulation of the immune system by using checkpoint 

inhibitor or cell transplantation (11). Surgery aims to remove tumor and tumor 

microenvironment. This treatment is also preferred to reduce and prevent the spread of 

tumors or metastasis (12). Additionally, surgery is boosted with radiotherapy to kill 

cancer cells with high-dose radiation. This therapy is selected to reduce the tumor and 

decrease its effect before surgery (13). Chemotherapy and radiotherapy cause unwanted 

complications in the immune system and stem cell transplantation allows for a more 

efficient solution, which is preferred in leukemia or lymphoma patients (14). For breast 

cancer and prostate cancer, hormone therapy can be favored to regulate the aid of the 
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hormones in protection from cancer progression (15, 16). In addition, developing 

technology helps to find causes of cancer initiation and progression with a new signaling 

pathway that supplies innovative treatment application to overcome cancer as well as 

generate diagnosis and prognosis. High-throughput screening technology is an important 

factor in terms of the role of molecules in different signaling pathways such as 

PI3K/AKT, PD-L1, Notch, and Wnt signaling pathways (17-19). Targeted and 

personalized therapy can be listed under this type of treatment strategies. Efficiency and 

precision of the treatment for cancer are determined by genetic testing and health history 

of patients (20, 21). For targeted therapy, specific molecules, which are involved in cell 

growth, proliferation, invasion, and migration are used to block cancer progression and 

metastasis (22-24). Molecularly targeted drugs are developed by using a patient’s genes, 

proteins or other small molecules. Targeted therapy also avoids frequent drug 

administration, use of high dose, and unwanted toxicities for conventional therapies. 

These barriers can be overcome by using different nanoparticles with their targeted 

molecules for cancer signaling pathways (25-27).  

Conjugated nanoparticles with cell-specific targeting properties or cross-linking 

agents are used to target specific cells. These targeting features have a specific affinity 

for differential expression of antigens. For example; trastuzumab conjugated 

nanoparticles are developed to target HER-2 positive or overexpressed breast cancer cells 

but not normal cells (28). Also, nanoparticles are modified to target peptide, antibodies, 

and non-coding RNA (siRNA, miRNA, piRNA) to increase the effects of drugs and 

targets as well as circulation time. Despite the advantages of targeted therapy using 

nanoparticles, some limitations prevent achieving targets, such as the accumulation of 

nanoparticles in unwanted organs in patients (29-31).   

Moreover, drug-conjugated nanoparticles fortified with multiple markers is 

necessary to increase drug efficiency by targeted drug delivery to overcome 

heterogeneous tumor environment and cancer.    

 

1.1 Breast Cancer 
 

Breast cancer is the most common type of cancer observed in women and forms 

in breast tissue. In 2018, about 2 million people were diagnosed with breast cancer, which 

corresponds to 11.6% of 36 types of cancer. Also, 626,679 people have died because of 
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breast cancer, which represents 6.6% in 36 types of cancer. In addition, the cumulative 

risk of breast cancer is 5.03% for ages from birth to 74 (1).  

Many factors cause breast cancer such as age, high rate of drinking alcohol, 

imbalance of hormone in the body, family history, inherited mutation (BRCA1, BRCA2, 

and other genes), hereditary, and genetic factors (32). According to statistical analysis, 

5% to 10% of breast cancer cases are determined for the inherited mutation (33). 

Additionally, the other major factor in breast cancer is nonhereditary factors with respect 

to studies about international and interethnic differences in incidence (34).  

The age of the patient, tumor size, location or size of axillary lymph nodes, 

histologic type of the tumor, hormone-receptor and pathological results are prognostic 

factors that are important for prediction of progression and treatment of breast cancer as 

well as the outcome of disease (35). This information is used to determine the type of 

cancer. Due to its ability to spread from breast tissue to other parts of breast tissue, breast 

cancer is divided into two categories, known as non-invasive breast cancer (carcinoma in 

situ) and invasive breast cancer. Non-invasive breast cancer is found in the ducts of the 

breast, is called ductal carcinoma in situ (DCIS), and does not spread to other parts of the 

body. On the other hand, invasive breast cancer that develops in breast ducts is known as 

invasive ductal breast cancer and can spread to other tissues but not necessarily (36).  

Mammographic screening and genetic testing are used for the diagnosis of breast 

cancer (37). After the diagnosis of breast cancer, treatment strategies for breast cancer is 

decided by using the subtypes, stage, and location of breast tumor (38). Furthermore, 

targeted therapy is developed for breast cancer such as trastuzumab, pertuzumab, and 

lapatinib (39). Trastuzumab and pertuzumab are monoclonal antibodies that are used both 

in early and late stages of breast cancer (40, 41). On the other hand, lapatinib is a type of 

kinase inhibitor that is used for metastatic breast cancer. Lapatinib inhibits EGFR 

effectively (42). It can also be taken with other chemo-drugs and hormone therapy that 

increase response rate and overall survival rate (43, 44). However, these drugs have side 

effects for breast cancer patients. Using trastuzumab or pertuzumab cause heart damage 

(congestive heart failure) for breast cancer patients (45). After using lapatinib, the skin of 

hand and feet become sore and red which is called hand-foot syndrome (46). For this 

problem, an innovative approach is developed by using nanobiotechnology to produce 

nanoparticle-drugs, which has less cytotoxic and genotoxic effects for healthy cells. 
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Nanobiotechnology, therefore, became a groundbreaking approach for targeted therapy 

in the battle against breast cancer.  

 
1.2 Molecular Subtypes of Breast Cancer 

 

Breast cancer is a heterogeneous cancer type that has different subtypes based on 

biological properties. The six different molecular subtypes of breast cancer are luminal 

A, luminal B, HER-2 enriched, basal-like, claudin-low, and normal breast cancer. Each 

molecular subtype has different properties in terms of hormone receptor and growth factor 

expression level, which are estrogen, progesterone, and HER-2 receptors. These subtypes 

are determined by cell morphology and immunohistochemical analysis (47). Differences 

of subtypes cause various symptoms, prognosis, diagnosis as well as a treatment due to 

the differences in the molecular subtypes that lead to different outcomes, which is 

important to provide precise identification of molecular subtypes for treatment to 

overcome breast cancer (48). So, the rate of survival and mortality can differ according 

as molecular subtypes. Luminal A subtype has a high prognosis rate together with a high 

survival rate (49). On the other hand, the basal-like subtype has a low prognosis rate, 

which brings low survival rate (50, 51). 

 
Figure 1.1 The putative model of normal mammary development and intrinsic 

molecular subtypes of breast cancer cells. 
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According to a hospital-based study by Zuo et. al., the survival rates of patients 

with I, II, III and IV stage were 97.1%, 92.6%, 75.6%, and 42.7%, respectively. However, 

the survival rates of patients with Luminal A, Luminal B, HER-2 overexpression and 

basal-like were 92.6%, 88.4%, 83.6%, and 82.9%, respectively. Therefore, the 

determination of the stage or subtypes of breast cancer is important to determine the 

survival rate and prognosis of cancer (52). 

 
1.2.1 Luminal A 

 

Luminal A breast cancer is known as hormone receptor-positive (estrogen and 

progesterone receptor-positive), HER-2 negative and low Ki67 (proliferating cell nuclear 

antigen) (53). In addition to that, luminal epithelial cytokeratins (CK)-8, CK-18 and gene-

related to estrogen receptor which are LIV1 (zinc transporter ZIP6 or SLC39A6; solute 

carrier family 39 zinc transporter, member 6), hepatocyte nuclear factor 3 alpha 

(FOXA1), X-box binding protein 1 (XBP1), GATA binding protein 3 (GATA3), B cell 

lymphoma 2 (BCL2), erbB3 and erbB4 are also characterized as luminal A (54). 30-70 

% of breast cancer is luminal A which has a better prognosis compared to other subtypes 

of breast cancer, which leads to high survival and low recurrence rate (55).   

 
1.2.2 Luminal B 

 

Luminal B breast cancer is defined as hormone receptor-positive (estrogen and 

progesterone receptor-positive) and either HER-2 positive or HER-2 negative. 30% of 

HER-2 positive breast cancer is characterized as luminal B subtypes (54). 10-20% of 

breast cancer is determined as luminal B, which also have a lower rate of survival and a 

higher rate of recurrence compared to luminal A (55). Genes related to cell proliferation 

including avian myeloblastosis viral oncogene homolog (v-MYB), gamma-glutamyl 

hydrolase (GGH), lysosome-associated transmembrane protein 4-beta (LAPTMB4), 

nuclease sensitive element-binding protein 1 (NSEP1) and cyclin E1 (CCNE1) are used 

for characterization of luminal B (56). Additionally, Ki67 is also used for determination 

of luminal B. Many studies are found to specify differences between luminal A and 

luminal B. Ki67 is one of the potential markers to be used for this purpose. However, 
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Ki67 marker is limited in terms of standardization (threshold values) of Ki67 expression 

level to be using clinical studies (57).  

The survival rate of luminal B breast cancer patients is similar to HER-2 enriched 

and basal-like subtypes which are identified as a high-tumor risk (58). Moreover, luminal 

B subtypes are more insensitive to paclitaxel or doxorubicin during chemotherapy 

compared to HER-2 enriched and basal-like subtypes (59). Given this limitation, recent 

studies focus on alternative growth factor in the signaling pathway of breast cancer. 

Fibroblast growth factor receptor 1 (FGFR1), HER1, phosphoinositide 3 kinases (PI3K), 

catalytic alpha polypeptide, and sarcoma proto-oncogene (Src) are the five main growth 

factors (60). Therewithal, several antibodies and small molecule inhibitors are developed 

to suppress FGFR1 in recent studies because FGFR1 has a role in oncogenesis and 

resistance. Over-amplification of FGFR1 gene cause poor prognosis for luminal B 

subtypes. Recently, inhibitors of FGFR1 has been tested in clinical studies (61). 

 
1.2.3 HER-2-Enriched 

 

HER-2- enriched breast cancer patients have hormone receptor-negative (estrogen 

and progesterone receptor-negative) and positive HER-2 (overexpressed HER-2 

receptor). HER-2 receptor is encoded by HER-2 gene that also acts as a proto-oncogene 

on chromosome 17q21 (62). HER-2 receptors actualize dimerization and phosphorylation 

of HER-2 extracellular domains. This phosphorylated tyrosine kinase residue effects 

different signaling pathways that are related to cell proliferation, survival, differentiation, 

angiogenesis, invasion, and metastasis (24, 63).  

15-20% of breast cancer is HER-2 enriched. Overexpression of HER-2 induces 

aggressiveness as determined by different in vitro and in vivo studies.  (55).  

HER-2 enriched breast cancer has a poor prognosis with a tendency to metastasize 

other organs and develop resistance to hormone therapy, but they are sensitive to 

cytotoxic agents such as doxorubicin that blocks topoisomerase-2 activity. The 

topoisomerase-2 gene is located on chromosome 17, which provides an advantage to 

target HER-2 gene (64). Development of gene screening technology led to improve new 

therapeutic drug design.  
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1.2.4 Basal-Like 
 

Triple-negative/basal-like breast cancer is defined as the hormone receptor-

negative (estrogen and progesterone receptor) and HER-2 negative (65).  They are not 

expressed, so basal myoepithelial markers which are a high level of CK5, CK 14, CK 17 

and laminin are used for the determination of this subgroup. Besides, p-cadherin, fascin, 

caveolins 1 and 2, alpha-beta crystallin and epidermal growth factor receptor (EGFR) are 

overexpressed in basal-like breast cancer (66). Additionally, mutations in tumor protein 

53 (TP53) gene are found in basal-like breast cancer patients that also affect genomic 

instability by dysregulating the retinoblastoma (Rb) pathway (67).  

5-15% of breast cancer is triple-negative/basal-like (55). This subtype is 

aggressive and has a poor prognosis compared to luminal A and luminal B types (68). 

The basal-like subgroup is defined by high proliferation, heterogeneity, metastases, and 

incidence of relapse (69). The absence of ER, PR, and HER-2 protein expression cause 

lack of immunohistochemical classification. Instead of this technique, gene expression 

microarray analysis is used to define basal-like subgroup (70).    

These groups have drug resistance that also induces aggressiveness by signaling 

pathways such as mTOR and TGFβ signaling pathways (71). BRCA1 (breast cancer 

susceptibility gene 1) is expressed in basal-like breast cancer with Ki67 basal cytokeratin, 

TP53, EGFR, and p-cadherin. So, this molecule and their related signaling pathway are 

used in targeted therapy for these subgroups. For example, poly-ADP ribose polymerase 

(PARP) enzyme has an important role in DNA double-strand breaks. So, the PARP 

enzyme inhibitor is used to target deficient BRCA1 pathway for this subgroup (72, 73).  

 
1.2.5 Claudin-Low 

 

Claudin-low breast cancer is a type of basal-like subgroup. This group has low 

expression of claudins 3, 4 and 7, occludin and e-cadherin that have roles in cell-cell 

adhesion and tight junctions. Additionally, some genes related to epithelial to 

mesenchymal transition and stem cell properties are highly expressed. Also, this subgroup 

has poor clinical outcomes to overcome cancer (74).  
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1.2.6 Normal Breast 
 

Normal breast cancer tumors correspond to 5-10% of all breast tumors (54). This 

subgroup is characterized by using the classification of intrinsic subtypes with 

fibroadenomas and normal breast samples (75). This subgroup has a lack of expression 

of ER, PR, and HER-2 and thus is classified as basal-like breast cancer. However, the 

expression level of CK5 and EGFR is negative. By their gene expression level in this 

subgroup, the prognosis is similar to luminal and basal-like cancers (76).  

In 2011 and lately in 2013 St. Gallen International Breast Cancer Conferences, 

the effects of molecular classification were discussed and accepted in the role of treatment 

approaches on breast cancer. Panel members decided to use new therapeutic approaches 

that will be based on the intrinsic subtypes of breast cancer. The subtypes of breast cancer 

are determined by microarray, which is supported by immunohistochemistry (77, 78).  

 
1.2.7 Molecular Biology of Breast Cancer 

 

In recent years, many studies provided new knowledge about the biology of breast 

cancer by developing high throughput technologies. The nature of diseases is examined 

in depth with a comparatively large number of samples. Breast cancer consists of six 

intrinsic subtypes which are luminal A, luminal B, HER-2-enriched, basal-like, claudin-

low and normal breast. However, this classification is not standardized. Large scale and 

valuable information can provide the characterization of each subgroup. The biology of 

the tumor, microenvironment, and their features lead to an understanding of signaling 

pathways that provide a determination of progression of cancer, administration of tumor 

and treatment of cancer. In addition, the determination of genes and proteins in signaling 

pathways provide improvements for targeted therapy for breast cancer (79).         

 
1.2.7.1 Signaling Pathways in Breast Cancer 

 

According to the cancer genome atlas drawing on 9,125 samples from 33 cancer 

types, 10 main signaling pathways have been found to have roles in generating of the 

hallmarks of cancer, which are cell growth, progression, and death by regulation of cell 

cycle, Hippo, Myc, Notch, Nrf2, PI-3-Kinase/Akt, Ras, PTPs, TGFβ signaling, p53 and 
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β-catenin/Wnt. In addition, 99% of tumors have a role in at least one of the signaling 

pathway. However, targetable drugs can be used in 57% of tumors to alter these pathways 

to overcome cancer (80). So, signaling pathways have an important role in the 

identification of targeting cancer specifically for promising cancer treatment. Breast 

cancer is regulated by different pathways which are used to understand tumor 

heterogeneity and improve new therapeutic strategies. 

Basal-like breast cancer is a more aggressive type of breast cancer. Three main 

signatures, namely retinoblastoma tumor suppressor (RB1), PTEN, and TP53, regulate 

metastasis not only in this subgroup of the breast but also other malignancy types (81, 

82). Loss of RB1 and PTEN and TP53 mutation induces tumorigenesis by activation of 

Myc, β-catenin/Wnt, and PI-3-Kinase/Akt signaling pathways. RB1 has an anti-

proliferative effect in cells by inhibition of E2F1 transcription factor that has a role in the 

regulation of cell cycle. Phosphorylation of cyclin-dependent kinase 4/cyclin D 

(CDK4/cyclin D) and CDK2/cyclin E complex inactivate RP phosphorylation that 

mediates cell cycle progression. For this purpose, Witkiewicz et al. focused on targeting 

of loss of RB by using CDK4/cyclin D inhibitor that induces activation of RB (83). 

Besides, dephosphorylating phosphatidylinositol 3,4,5-trisphosphate (PIP3) is 

dephosphorylated by PTEN, which is called an antagonist of phosphatidylinositol 3-

kinase (PI3K) signaling. Inhibition of PI3K induces tumor dissemination and relapse by 

increasing mitochondrial activity (84).  

The Hippo signaling pathway, which is mediated by Hippo transducer, Yes-

associated protein (YAP), and tafazzin (TAZ) have a role in hallmarks of cancer as well. 

Inhibition of YAP/TAZ blocks epithelial-to-mesenchymal transition (EMT) and invasion 

in breast cancer (85). Besides, this pathway consists of a kinase cascade. Two core 

signatures, which are mammalian STE20-like protein kinase-1 (MST1) and the large 

tumor suppressor 1 (LATS1) and LATS2 have a role in the activation/deactivation of the 

Hippo pathway. MST1 and LATS1/2 regulate activation of YAP/TAZ. Suppression of 

LATS1/2 induces EMT and metastasis of breast cancer via inhibition of YAP/TAZ (86).  

YAP/TAZ acts as pro-tumorigenic and induces focal adhesion. These properties are 

important for metastasis progression. Focal adhesion composes dynamic structure for 

cells, which mediates cytoskeleton modeling. The dynamics of focal adhesion (assembly-

disassembly of focal adhesion) mediate controlling cell migration/invasion, proliferation, 

and survival by inducing focal adhesion kinase. An increase in focal adhesion kinase 
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expression induces metastasis with poor diagnosis and prognosis (87). In addition, 

phosphorylation of focal adhesion kinase induces Src, Shc, PI3K, PLC-γ, and Ras 

pathways (88).  

Myc is known as an oncogene that mediates transcription factors which mediate 

cellular processes including cell growth, proliferation, re-entry, adhesion, metabolism, 

death, and angiogenesis (89, 90). In addition, Myc signaling pathway affects multiple 

processes in breast cancer cells such as regulation of tumor progression and drug-

resistance in cells.  

Notch signaling induces cell proliferation and tumor recurrence (91). This 

pathway has a role in invasion and intravasation of breast cancer (92). In addition, Notch 

signaling is critical for treatment of chemo-resistant cancer stem-like cell. This signaling 

pathway is controlled by 5 different substrates and 4 receptors, which are Jagged-1, 

Jagged-2, Delta-like-1, 3, 4, and Notch1-4, respectively. The correlation between Notch 

and its ligand Jagged-1 causes poor prognosis. The high level of Jagged-1 induces stem 

cell self-renewal in luminal subtypes of breast cancer. Additionally, overexpression of 

Notch1, Notch3, and Notch4 receptors cause metastasis and an aggressive tumor of breast 

cancer. So, high co-expression of Jagged and Notch have a role in the survival rate of 

breast cancer patients (93). Notch signaling has a role in Akt and NF-κB signaling. 

Hossain et. al. demonstrates that Jagged-1 increase Akt phosphorylation with Notch1 

dependent pathway that induces respiration in mitochondria that also have a role in 

transcription of survival genes. So, they focused on the combination of pharmacological 

Notch inhibitor with Akt or NF-κB inhibitors to develop therapeutic applications for 

breast cancer (94). 

The lack of glucose in cancer cells stimulates expression of nuclear factor 

erythroid-derived 2-like 2 (Nrf2) to induce anti-oxidants as well as autophagy by 

regulation of cytoprotective genes expression and efflux transporters. Nrf2 is known as a 

master regulator in autophagy (95, 96). Keap1/ Nrf2 pathway has a role in cellular 

metabolism for adaptation of glucose deprivation. Autophagy causes a decrease of p63 

which causes Keap1 to bind to Nrf2 transcription factor. So, Nrf2 protein degradation 

increases, which leads to an increase in antioxidant activity (95). On the other hand, the 

Nrf2 signaling pathway also mediates drug resistance mechanism by induction of P-

glycoprotein (P-gp) and breast cancer resistance protein (BCRP). P-gp and BCRP are 
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efflux transporters that play a critical role in the accumulation of toxic and endogenous 

substrates in the cells. At this point, the selection of drugs based on the Nrf2 signaling 

pathway is important for the treatment of resistant breast cancer (97, 98). 

The phosphatidylinositol 3-kinase (PI3K)/Protein Kinase B (PKB, Akt) pathway 

has a critical role in cancer progression, metastasis, and drug-resistance. Activation of 

Akt induces activation of Ras, PI3K, and loss of PTEN (99). Three different isoforms of 

Akt are found, which are Akt1 (PKBα), Akt2 (PKBβ) and Akt3 (PKBγ). Each isoform 

has specific features in cellular processes (100). Ubiquitin-modifying enzymes regulate 

the post-translational modification of Akt. Activation of BRCA1 is related to K48-linked 

ubiquitination by the Akt pathway. BRCA1 bind to phosphorylated Akt1 which induces 

K48-linked ubiquitination. This ubiquitination provides proteasomal degradation of 

Akt1. On the other hand, K43-linked ubiquitination processes induce activation of Akt1 

by stimulating nuclear translocation of Akt1 (101-103). Also, the activation/deactivation 

of p21 and p27 is modulated by Akt-dependent phosphorylation. The function of p21 and 

p27 causes cell proliferation and poor prognosis. Overexpression of p21, cytoplasmic 

translocation of p21 or p27 are used as a biomarker of the aggressive tumor with poor 

prognosis in breast cancer (104).  

TGF-β signaling inhibits cell proliferation, which is important for breast cancer 

progression. Inducing HER-2/EGFR signaling replaces TGF-β signaling pathways, 

which changes cellular progression from anti-proliferation to cancer initiation and 

progression. Inhibition of HER-2/EGFR induces TGF-β signaling, which causes 

epithelial-mesenchymal transition and cell migration because HER-2/EGFR signaling is 

related to Akt pathway with an accumulation of Smad3, which has a role in epithelial-

mesenchymal transition and cell migration (105). According to Kunihiro et. al., inhibition 

of  Smad dependent/ TGF-β signaling blocks breast cancer bone metastasis initiation and 

progression (106).  

Protein tyrosine phosphatases (PTPs) have an important role in the 

phosphorylation of tyrosine kinase that regulates tumorigenesis. PTPs also called as 

TCPTP, is an intracellular non-transmembrane phosphatase (107). TCPTP has a role in 

the regulation of epidermal growth factor and Janus activated kinase/signal transducers 

and activators of transcription signaling (JAK/STAT) (108). The two main groups in 

TCPTP are 48 kDa variant (TC48) and the 45 kDa variant (TC45) (109). While the TC48 
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is located in the endoplasmic reticulum, TC45 is found in the nucleus. These two main 

groups have a role in tyrosine kinase phosphorylation-dependent signaling pathways, 

which regulate cell growth by regulation of cell cycle checkpoints and cell stress by 

dysregulation of the endoplasmic reticulum. So, deletion or overexpression of TC48 and 

TC45 contributes to treatment strategies in breast cancer (110, 111).  

All of these signaling pathways have important roles in breast cancer initiation, 

progression, and invasion and are regulated by different molecules, which can be 

regulated/inhibited by their specific inhibitors. 

Different signaling pathways regulate cellular processes during breast cancer 

progression. Cell proliferation, cell growth, cell death, apoptosis, drug resistance, cell 

adhesion and metastasis are main processes in regulation (Figure 2). 

 

 

 

Figure 1.2. The main signaling pathways in breast cancer progression. 

The determination of these signaling pathways is important because the regulation 

of molecules control cencer initiation and progression. So, different threatment approach 

will be developed by actication/deactivation of these molecules. 
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1.2.7.2 HER-2 Signaling Pathway 
 

Human epidermal growth factor is a member of the epidermal growth factor 

family and has a role in the stimulation of cell growth, proliferation, survival, and 

differentiation via different signaling pathway in cancer (63). Four group members, HER-

1, HER-2, HER-3, and HER-4, are found that are also known as ErbB1, ErbB2, ErbB3, 

and ErbB4, respectively (112). HER receptor consists of a cysteine-rich extracellular 

ligand-binding site. These receptors have a tyrosine kinase catalytic activity domain. The 

autophosphorylation of tyrosine kinase residue induces dimerization of this receptor. This 

process involves different signaling pathways which regulate cellular proliferation, 

transcription, motility and apoptosis inhibition. (113).  

HER-1 members were the first tyrosine kinase discovered by Carpenter G. et al in 

1978.  They showed, for the first time, the regulation of biochemical reaction by the 

formation of epidermal growth factor receptor complex (114). HER-2 receptor is 185 kD 

transmembrane glycoprotein, which is located on human chromosome 17 (17q12). 

Overexpression of HER-2 which modulates carcinogenesis and tumorigenesis, is found 

in breast, gastric, lung, ovary, colon, and bladder cancer (115).  

 

Figure 1.3. The role of HER-2 on two main signaling pathways. 
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HER-2 has important roles in different signaling pathways such as PI3K/AKT and 

RAF/MEK/ERK that regulate cell proliferation and survival in breast cancer (Figure 3).  

The PI3K/Akt/mTOR pathway has a role in cell growth. This signaling pathway 

is regulated by phosphorylation of HER-2, which is determined as a key effector (116).  

Also, different studies showed that the expression levels of another tyrosine kinase such 

as insulin-like growth factor I receptor (IGF1R) affects the same pathway, the 

PI3K/Akt/mTOR pathway, and MAPK. Dysregulation of IGF1R is seen in malignant 

transformation. Overexpression of IGF1R is induced by HER-2 and HER-3, which is 

activated by PI3K signaling pathway. Figitumumab and metformin are used to inhibit 

IGF1R ligand binding. They can be used with HER-2 inhibiting agents as a combination 

treatment for HER2+ metastatic breast cancer (117).   

 

1.2.7.3 Signaling Pathways in Therapeutic Advances 
 

HER-2 overexpression of breast cancer is identified to target HER-2 with agents 

such as trastuzumab, pertuzumab, trastuzumab emtansine (T-DM1) and small molecules 

tyrosine kinase inhibitors of HER-2 (118).  

Activation of PI3K by mutation of PIK3CA or loss of PTEN induce resistance in 

HER-2 targeted therapies, which causes poor prognosis after trastuzumab treatment. To 

overcome this, different inhibitors are used as combination drug treatment, such as mTOR 

inhibitors, which are used to overcome trastuzumab resistance in HER-2-riched breast 

cancer. Moreover, the regulation of Cyclin D1/CDK4 has a role in the resistance of HER-

2 inhibition. The inhibition of CDK4/6 suppressed mTORC1. The efficiency of the 

combination of CDK4/6 and HER2 inhibitors are determined in transgenic and PDX 

breast cancer mouse models by Goel et. al. (119) 

The presence or absence of HER-2 expression has an important role in the 

progression of breast cancer and drug resistance. Jordan et. al. showed the role of HER-

2 positive and HER-2 negative circulating tumor cells and the evolution of metastatic 

breast cancer. They analyzed the circulation of breast cancer cells in 19 women. They 

found that 84% of ER-positive/ HER-2 negative primary tumors gained HER-2 positive 

properties. HER-2 positive circulating tumor cells have more proliferative properties. 

Also, HER-2 negative cells are responsible for the activation of Notch and DNA damage 
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signaling pathways that cause resistance to cytotoxic chemotherapy. However, Notch 

inhibition induces sensitivity of treatment in breast cancer. According to their results, 

paclitaxel treatment or Notch inhibitors supply sustainable treatment by suppression of 

tumorigenesis (120).  

PTEN mutation is related to cancer progression and resistance in overexpressed 

HER-2 breast cancer. Ebbesen et. al. showed that suppression of PTEN triggered cancer 

progression. On the other hand, increased PTEN causes cancer regression. They 

demonstrated the relationship between PTEN and MEK signaling pathway to identify the 

role of MEK inhibitors with PTEN mutation on therapy-resistant breast cancer patients 

(121). 

α-Lipoic acid, also called as thiotic acid, has a role in mitochondrial activation by 

enzymes such as pyruvate dehydrogenase and α-ketoglutarate dehydrogenase. These 

enzymes have a key role in cellular metabolism. Different studies showed beneficial 

effects of α-Lipoic acid in breast cancer treatment. α-Lipoic acid induces apoptosis and 

inhibits cell proliferation in breast cancer. In addition, Tripathy et. al. demonstrated that 

α-Lipoic acid inhibits cell migration and invasion by TGF-β signaling pathway and 

reduction of matrix metalloproteinase-9 (MMP-9) expression (122).  

Estrogen positive tumor represents 70% of all breast cancers. For this group, 

aromatase inhibitors are used in the therapy but these cells gain resistance during 

chemotherapy. For this problem, combination drug treatment is used with an aromatase 

inhibitor and CDK4/6 inhibitors, or mTOR inhibitors (123). Entinostat, also known as 

histone deacetylase inhibitor, is used in metastatic estrogen receptor-positive breast 

cancer patients. Preclinical studies show that luminal subtypes are more sensitive to 

entinostat compared to basal-like breast cancer owing to Myc signaling (124).  

In the last decade, the mortality rate of breast cancer decreased due to the 

significant improvements in molecular approaches for targeted therapy. ER or HER-2 are 

main targeting molecules for inhibition of cancer initiation and progression (125).  

In addition, regulation of different signaling pathways is important to mediate 

cellular processing of breast cancer cells. Besides, the regulation of signaling pathways 

has a role in the treatment of breast cancer. So, the determination of signaling pathways 

or the investigation of molecules in signal transduction is crucial to find new therapeutic 

approaches for breast cancer. 



16 
 

1.2.8 Treatment of Breast Cancer 
 

Immunohistochemistry (IHC) for identification of protein expression and 

fluorescence in-situ hybridization (FISH) for identification of gene amplification are two 

methods used for classification of HER-2 (+) in patients (126). After determination of 

breast cancer, the treatment strategies are determined to inhibit cancer progression. 

Generally, endocrine therapy, cytotoxic chemotherapy, and anti-HER-2 agents are used 

in the treatment of metastatic breast cancer. However, these methods are limited to 

overcome cancer. So, novel drugs are necessary to target breast cancer cells. 

Understanding the molecular biology including signaling pathways of breast cancer 

allows for the development of new drugs.  

 
1.2.8.1 Targeted Therapy for Breast Cancer 

 

Human epidermal growth factor also called HER-2(+) is overexpressed in 20-30% 

of breast cancer patients (127). Aggressive phenotype is seen in HER-2(+) patients and 

is related to poor long term outcomes (128). Development of HER-2 targeting drugs 

(trastuzumab) for cancer treatment provides a 50% decrease in recurrence and 37% 

increase in survival rate in patients (129, 130). 

In addition, five different HER-2 targeted therapeutic drugs have been approved 

by the FDA (131). Trastuzumab, pertuzumab, lapatinib, ado-trastuzumab emtansine, and 

neratinib are used for metastatic and adjuvant of HER2-positive breast cancer. These 

drugs are also used with a combination of other drugs to increase drug efficiency and 

overcome resistance (132). 

Trastuzumab, which is HER-2 monoclonal antibody, provide improved outcomes 

for HER-2 early breast cancer. The use of trastuzumab decreases the death rate as well as 

recurrence. The mechanism of trastuzumab is to bind HER-2 transmembrane domain and 

inhibit dimerization (133). Pertuzumab is another humanized monoclonal antibody. Their 

mechanism is similar to trastuzumab but pertuzumab binds to dimerization domain and 

inhibits heterodimerization with other HER receptors. Combination of trastuzumab and 

pertuzumab is more effective than trastuzumab alone in neoadjuvant studies and provides 

an increased survival rate (134). On the other hand, metastatic breast cancer can gain 
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resistance to trastuzumab. In this event, alternative inhibitors are needed to inhibit HER-

2 signaling pathway. One such inhibitor is Lapatinib, a selective tyrosine kinase inhibitor 

of HER-2 and EGFR. Lapatinib is also used with other inhibitors such as trastuzumab. 

They have complementary mechanism and synergy for anti-tumor activity in models of 

HER2-enriched breast cancer. The combination of lapatinib and trastuzumab significantly 

increases the response rate from chemotherapy and overall survival rate (135).  

Ado-trastuzumab emtansine (T-DM1) is antibody-drug conjugated drugs that 

consist of anti-tumor features of HER-2 antibody and microtubule-disrupting agent which 

is called maytansinoid (DM1). After the conjugation of T-DM1 and HER-2, receptor-

mediated endocytosis occurs and DM1 is released by proteolytic degradation with the 

lysosome (136). T-DM1 was approved by the U.S. Food and Drug Administration (FDA) 

in 2013 to use for patients with HER2-positive metastatic breast cancer who take 

trastuzumab and a taxane (137). Another tyrosine kinase inhibitor is neratinib, which 

inhibits HER-1, HER-2, and HER-4 for HER2-enriched metastatic breast cancer. This 

inhibitor blocks the activity of HER receptors irreversibly (138). It is used as a 

combination therapy with trastuzumab for HER-2 enriched breast cancer patients. 

According to Phase I/II study, neratinib and trastuzumab increase tumor activity in 

metastatic HER-2 enriched breast cancer. Also, there was no cardiac toxicity seen after 

application (139).    

Targeting therapy has a critical role to overcome cancer. For these reasons, rapid 

development of targeting agents is necessary instead of traditional cytotoxic agents. The 

best example of this event is the improvement of T-DM1. Phase I study of T-DM1 was 

achieved in 2007 (140). After 2 years, the phase II study on the clinical application was 

examined in 2009 (141). Finally, this drug was approved by FDA in 2013 (142). The 

length of time for approval is only 6 years, which shows the necessity of targeted therapy 

for HER-2 enriched breast cancer.  

Recently, the developing next-generation sequencing technique in clinical 

application provides new information about HER-2 biology. Moreover, new therapeutic 

drugs targeting HER-2 have been developed including small molecule inhibitors, 

antibody-drug conjugates, and nanocarriers. Palbociclib and abemaciclib are small 

molecule inhibitors of cyclin-dependent kinases (CDKs) 4 and 6 that reduce cell growth 

and proliferation (143, 144). Trastuzumab, pertuzumab, rituximab, and cetuximab are 
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antibody-drug conjugates drugs to solve many problems in chemotherapy to increase the 

efficiency on breast cancer cells (145). In addition, different nanoparticles are designed 

to improve targeted therapy. For example; polymeric, gold, and lipid nanoparticles are 

developed with specific agents-loaded to induce cytotoxic efficiency in cancer cells (146-

148). Also, their specificity features are advanced by modified surface with conjugated 

specific antibodies and peptides (149, 150).         

 
1.2.8.2 Role of Nanocarriers in Targeted Therapy of Breast Cancer 

 

The death rate of breast cancer occurs due to drug resistance and metastasis to 

other organs such as lymph nodes, bone, lung, and liver. In the drug resistance mechanism  

Multidrug resistance genes such as P-glycoprotein (P-gp/ABCB1), ABCG2, and 

BCRP also have critical roles in cancer progression and response to treatment (151). 

According to the literature in recent years, various targeted therapies are an improved 

approach to chemotherapy, immunotherapy with small molecules, proteins, and peptides, 

controlled-release drug delivery. However, these new methods have had limited success. 

Nanoparticles are characterized by five different properties which are type, target, 

size, surface, and shape. These properties have important role in their physicochemical 

characterization. Each property demonstrates different outcomes in cells (Figure 4).  

Developing nanotechnology promotes an increase in the therapeutic efficiency of 

drugs that is possible by an understanding of the relationship between tumor and tumor 

microenvironment. Using nanoparticles or nanocarriers supply to control the release of 

drugs, high loading capacity, and stability of drugs and less toxicity for normal healthy 

cells (152). Nanoparticles have multifunctional properties by modification of surface and 

core side that provide controlled anticancer agents to increase drug efficiency and 

overcome MDR (153, 154).  

Two main groups are found as organic and inorganic nanoparticles. Dendrimers, 

micelles, liposomes, and ferrite are the type of organic nanoparticles. Also, iron 

nanoparticle, quantum dot, superparamagnetic iron oxide, and paramagnetic lanthanide 

iron nanoparticles are inorganic nanoparticles. Their synthesized methods are different in 

terms of drug attachment including encapsulation, covalent binding, and adsorption. (155, 

156).  
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Figure 1.4 The different properties of nanoparticles. 

 

Each type of nanoparticle has different properties, making them appropriate for 

different purposes. For example, liposomes are an early stage of drug delivery system for 

pharmaceutical nanocarriers. Liposomes have biocompatibility properties with inducing 

agent solubility that provides increasing drug efficiency. Additionally, they are bio-

degradable and have low toxicity (157). On the other hand, quantum dots are other types 

of inorganic nanoparticles that have fluorescent imaging probes. These properties provide 

the tracking of quantum dots for imaging and sensory processes. Also, this type of 

nanoparticle has high toxicity that induces cell death by inducing the formation of reactive 

oxygen species (ROS). Quantum dots induce permeability by affecting cellular 

metabolism that ensures an advantage of using targeted therapy (158). 

Moreover, micelle nanocarriers have a potential role in cancer diagnosis and 

treatment. They have biocompatibility and biodegradability, and their lipophilic 

properties enhance water solubility. According to in vitro studies, paclitaxel binds β-

tubulin that block microtubulin formation. The water solubility of paclitaxel is 0.0015 

mg/mL. The encapsulation of paclitaxel with micelles increase solubility from 0.0015 
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mg/mL to 2 mg/mL that increase drug efficiency by their hydrophobicity properties of 

micelles (159).  

The receptors, which are HER-2, EGFR, vascular endothelial growth factor 

receptor (VEGFR), and IGF-IR are used to target inhibition of breast tumorigenesis for 

clinical treatment (Phases II and III) (160). Yamaguchi et. al. examined the effect of 

hyperbranched polyamidoamine coated silica nanoparticles with conjugated HER-2 

antibody on radiosensitivity of SKBR-3 (HER-2 overexpressed breast cancer). According 

to results, SKBR-3 cell line is incubated with this synthesized nanoparticle. Next, they 

were exposed to X-ray radiation. Following that, these nanoparticles with radiation 

increased apoptosis on SKBR-3 (161). Li et. al. showed that the synthesized salinomycin-

loaded polymer-lipid hybrid anti-HER2 nanoparticle increased cytotoxic effects on HER-

2 positive breast cancer compared to non-targeted nanoparticles (162). EGFR peptides 

conjugated with PEGylated polylactic-co-glycolic acid (PLGA) nanoparticles that are 

loaded with curcumin are used to target EGFR expressed cells. According to results, PI3K 

signaling pathways are reduced and cytotoxic effects on cells increased. Moreover, its 

effectiveness increased with the increase in circulation time of curcumin (163).         

All in all, nanoparticles have effectiveness that is an important role in the delivery 

of anti-cancer agents with conjugated factors. At this point, the determination of the 

molecular mechanism of cancer cells allows identification of the differences between 

cancer cells and normal healthy cells that highlight targeted therapy. Although many 

studies have been done so far, a different approach is necessary to improve the delivery 

system of nanoparticles and induce efficiency of drugs.    

 
1.2.9 Aim of the Study  

 

HER-2 enriched breast cancer type has overexpressed receptors on the surface of 

breast cancer cells (SKBR-3) resulting in poor prognosis and aggressivity. For targeted 

therapy of breast cancer, more stable core cross-linked micelles with a double-moiety pH-

sensitivity were used to increase micelles stability and drug release at lysosomal pH that 

is provided by pH-sensitive hydrazone and acetal bonds. The micelles have many 

advantages such as biocompatible, biodegradable, easy modified, and easy functionalized 

to be used in targeted therapy. It also has dynamic structure. Thus, it cause some problem 

such as leaking out of drug, minimal circulation time, and optimal concentration for 
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micelles formation. So, the dymanic structure formation provide easy modified and easy 

functionalized but it is also called as disadvantage for micelles.  In this project, core cross-

linked micelles with a double-moiety pH-sensitivity provide stability of micelles that 

turns disadvantages into advantages. 

Additionally, unused specific HER-2 peptide sequence (VSSTQDFP) is used to 

targeted HER-2. These properties also determined as the novelty of this project. pH-

responsive nano-drug delivery system maintains drug efficiency that provides an 

accumulation of the drug in the tumor microenvironment.  The using of peptide sequence 

has role in modification of size of NCs in satead of antibody. The increasing size of NCs 

is less than antibody. So, it can also provide targeted efficiency on cancer cells   

The stability of drugs can be increased during blood circulation. Also, doxorubicin 

was used as anticancer agents for the treatment of breast cancer cells. According to the 

literature, various studies such as Nakanishi et. al. demonstrated that polymeric system 

with doxorubicin increases drug activity significantly compared to free doxorubicin 

(164). According to clinical studies and pharmacokinetic examination, micelles decrease 

the clearance of the doxorubicin by increasing half-life of drugs (165). In order to achieve 

this target in this project, maleimide-modified DOX are attached with micelles by using 

functionalized piridil disülfit (PDS) groups that increase drug loading and release 

efficiencies. Using of DOX also have imporrtnat role in tracking of micelles in cells 

thanks to flurosance properties of DOX molecule. 

Sum up to, multifunctional doxorubicin-conjugated carrier system with enhanced 

stability and double moiety pH-sensitivity provide micelles stability and increase drug 

releasing capacity that also is strengthened by using unused peptide sequence for targeted 

therapy on HER-2 positive breast cancer (Figure 5). All of them are a new approach in 

the literature. Three different categorize which are free NCs, free HER-2-NCs, DOX-NCs 

and DOX-HER-2-NCs were synthesized to determine effects of micelles on SKBR-3 and 

MCF-10A cells for cytotoxic, apoptotic, and cytostatic effects. For first step, free NCs 

and free HER-2-NCs were determined to find cytotosic effects on SKBR-3 and MCF-

10A. Next, cytotoxic, apoptotic and cytostatic effects of DOX-NCs and DOX-HER-2-

NCs were determined on SKBR-3 and MCF-10A. Additionally, the effects of  DOX-NCs 

and DOX-HER-2-NCs were determined on cell viability of co-culture of SKBR-3 and 

K562 cells. 
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Figure 1.5. Synthesized multifunctional micelle-based nanocarriers for using our 

purpose. 

 

Afterward, in vitro efficiency of micelles was investigated on HER-2 positive 

SKBR3 cells and HER-2 negative MCF-10A breast cancer, as well as a co-culture system 

with SKBR-3 and K562 (HER-2 negative chronic myeloid leukemia). Firstly, the 

cytotoxic effects on cells lines were determined by using XTT cell proliferation assay and 

Trypan-blue staining assay. Furthermore, Co-culture of SKBR-3 and K562 highlighted 

drug selectivity in the same conditions that provide determination of drug efficiency. This 

approach provided a new perspective before in vivo studies. The DOX-HER-2-NCs was 

more effective on SKBR-3 cells drung co-culture application. So, the using of HER-2 

peptide sequence increased drug efficiency on HER-2 positive cells. The uptake of DOX-

NCs and DOX-HER-2-NCs on SKBR-3 and MCF-10A cells were determined by using 

fluorescence microscopy. Besides, the apoptotic effect of nanocarriers is determined by 

using Annexin-V/PI double staining. Besides, JC-1 mitochondrial potential assay was 

used to determine loss of mitochondrial membrane potential. Additionally, western 

blotting also was used to determine Bcl-2, Bax, and Caspase-3 protein levels. Cytostatic 

effects were determined by using flow cytometry.  

The main propose of this project is to minimize the toxicity effect on healthy cells 

by showing high selectivity to breast cancer. This leads to an increase in the cytotoxic 

effects of doxorubicin on HER-2 positive breast cancer cells (Figure 6).   
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Figure 1.6. The main three steps in our expectation. 
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2 CHAPTER 2 
 

 

MATERIALS & METHODS 

 

 

2.1 Materials 
 

In this study, different cell lines and chemicals were used to determine effects of 

multifunctional micelles-based nanocarriers on breast cancer. 

 

2.1.1 Cell Lines 
 

In this study, SKBR-3, MCF-10A, and K562 cell lines were used to determine the 

effect of NCs. 

SKBR-3 is a human mammary gland/breast adenocarcinoma cell line that also is 

luminal-positive-HER-2. Its culture property is an adherent. This cell line was kindly 

provided by Prof. Dr. Sevil Dinçer İşoğlu, Abdullah Gül University, Kayseri, Turkey.    

MCF-10A is a human mammary gland/breast non-tumorigenic breast cell lines 

that also is HER2-/-. Its culture property is an adherent. This cell line was kindly provided 

by Prof. Dr. Ayşe Elif Erson Bensan, Middle East Technical University, Ankara, Turkey. 

 

Figure 2.1. SKBR-3 (A), MCF-10A (B), and K562 (C) cell lines, Brightfields,                       

Magnification: 20X.  
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K562 is chronic myelogenous leukemia (CML) cell line that is also characterized 

as non-HER2 expression. This cell line was used from our stock in laboratory. 

 

2.1.2 Chemicals 
 

All of the chemicals were used for cytotoxic, apoptotic, and genotoxic assays to 

determine the effects of multifunctional micelles-based nanocarriers on breast cancer   

 

2.1.3 Cell Culture Chemicals 
 

DMEM high glucose with L-glutamine and sodium pyruvate, Dulbecco’s MEM 

Nutrient Mix F12 (1:1) with L-glutamine and HEPES, penicillin-streptomycin solution 

100X, Dulbecco’s phosphate buffer saline 10X (PBS), and trypsin-EDTA 1X in PBS 

were obtained by Euroclone. Fetal bovine serum (FBS) and horse serum were obtained 

by Gibco. 

Epidermal growth factor, hydrocortisone, insulin and cholera toxin (usage 

permissions received) were obtained Sigma-Aldrich. 

 

2.1.4 Nanocarriers 
 

Different sizes and contents of nanocarriers were synthesized by Prof. Dr. Sevil 

Dinçer İşoğlu and her Ph.D. candidate, Nazende Nur Akşit. The physicochemical 

characterization of these nanocarriers was determined by Prof. Dr. Sevil Dinçer İşoğlu 

and Nazende Nur Akşit. 

The size of NCs was determined by using Dynamic Light Scattering (DLS) by 

Nazende Nur Akşit. 

All experiments were conducted with NCs-1 because their size is suitable for cell 

application.  However, the effects of NCs-2 size on SKBR-3 and MCF-10A cells were 

determined.    
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Table 2.1 Different types of nanocarriers which were applied on cells to 
determine the effect of size of nanocarriers on breast cancer cells. 

Nanocarrier Size 

Free NCs-1 80nm 

Free HER-2-NCs-1 160nm 

Free-NCs-2 115nm 

HER-2-NCs-2 200nm 

DOX-NCs-1 81nm 

DOX-HER-2-NCs-1 134nm 

 

2.1.5 Cell Proliferation and Viability Assay 
 

XTT Cell Proliferation Assay Kit (Roche) and Trypan Blue powder dye were 

obtained from Sigma-Aldrich. Thermo ELECTRON CORPORATION Multiskan Spectrum was 

used for colorimetric analysis. Neubauer slide from MARIENSUPERIOR GERMANY was used 

to count viable cells.   

 

2.1.6 Fluorescence Imaging 
 

Paraformaldehyde (PFA) powder was obtained from Sigma-Aldrich. 4',6-

Diamidino-2-Phenylindole, Dihydrochloride (DAPI) powder dye was obtained from 

InvitrogenTM. Olympus-IX83 Fluorescence microscopy was used for microscopy studies.  

During this step, the image was taken at the same exposure time to compare each 

image. Next, the ImageJ and FIJI programs were used for image processing. 

 

2.1.7 Apoptosis Assay 
 

Annexin V/PI dual staining apoptosis assay kit was provided by Biolegend. Flow 

cytometry was used for apoptosis and necrosis analysis.   

JC-1 mitochondrial membrane potential assay kit was obtained from Cayman 

Chemical. Thermo ELECTRON CORPORATION Multiskan Spectrum was used for analysis. 
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2.1.8 Western Blotting 
 

The expression level of apoptosis-related proteins was determined by Western 

Blotting. 

 

2.1.9 Protein Isolation 
 

Tris Buffer, which is called as cell lysis buffer was prepared by using 10mM Tris-

HCl, 1mM EDTA, and 0.1% Triton-X.  

 

2.1.10  Determination of Protein Concentration by BCA Assay 
 

SMARTTM BCA Protein Assay Kit (INtRON BIOTECHNOLOGY) was used to 

determine protein concentration. 

 

2.1.11  Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
 

2-Mercaptoethanol, 4X Laemmli Sample Buffer, Mini PROTEAN® 3 System-

Glass Spacer & Short Plates, 10X TGS (Tris/Glycine/SDS Buffer), 10X TBS (Tris-

buffered saline), TGX Stain-FreeTM FastCastTM Acrylamide Kit (10%), Prestained Protein 

SHARPMASSTM VI Protein MW marker, Trans-Blot® TurboTM RTA Transfer Kit-

PVDF(Mini-size Transfer Stacks and Mini-size PVDF membrane), ClarityTM Western 

ECL Substrate, TWEEN® 20, Trans-Blot® TurboTM Transfer System, Mini PROTEAN® 

Tetra Cell System was obtained from BIO-RAD.  

 

2.1.12 Transfer of Proteins from Gel to Membrane 
 

1X Transfer Buffer was prepared by using TrisX, Glycine, and methanol. Trans-

Blot® TurboTM RTA Transfer Kit-PVDF and Trans-Blot® TurboTM Transfer System 

were taken from BIO-RAD.  
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2.1.13  Detection of Desired Proteins by Specific Antibodies 
 

ab32124-Anti-Bcl-2 antibody (E17), ab32503- Anti-Bax antibody (E63), 

ab184787- Anti-Caspase-3 antibody, ab9485- Anti-GAPDH antibody (Loading control), 

ab205718 Goat Anti-Rabbit IgG (HRP) was obtained from Abcam.     

ClarityTM Western ECL Substrate was taken from BIO-RAD. 

FUSION SL VILBER LOURMAT imaging system is used for determination of 

protein bands. 

 

2.1.14  Cell Cycle Assay 
 

Triton X-100 was obtained from AppliChem. RNase-A, pancreas was obtained 

from Biomatik. Propidium iodide was obtained from Biolegend. Flow cytometry was 

used for the determination of the different cell cycle phases. 

 

2.2 Methods 
The cytotoxic, apoptotic, and genotoxic assays were used to determine the effects 

of multifunctional micelles-based nanocarriers on breast cancer   

 

2.2.1 Maintenance of Cell Lines  
 

In this study, SKBR-3, MCF-10A, and K562 cells cell lines were used. SKBR-3 

cell lines and MCF-10A cell lines were used to compare the targeting efficiency of 

synthesized NCs separately. In addition to that, SKBR-3 and K562 cell lines were co-

cultured that is important to determine the targeting efficiency of synthesized NCs in the 

same condition. Besides, co-culture application was brightened preliminary of ex-vivo 

evaluation and expectation of in vivo results.  

Each cell lines were grown in different cell culture medium. These medium 

contents were shown at Table 2.2 and Table 2.3.  
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2.2.1.1 Preparation of Cell Culture Medium 
 

SKBR-3, MCF-10A, and K562 cells were grown in different cell culture 

mediums. These mediums are indicated in the following table. 

 

Table 2.2. The contents of DMEM high glucose with L-glutamine and sodium 

pyruvate. 

Medium Contents Rate of Content 

Fetal Bovine Serum 10% 

Penicillin/Streptomycin 1% 

 

SKBR-3 and K562 cells were grown in DMEM high glucose with L-glutamine, 

sodium pyruvate, fetal bovine serum, and Penicillin/Streptomycin (Table 2). 

 

Table 2.3. The contents of Dulbecco’s MEM Nutrient Mix F12 (1:1) with L-

glutamine and HEPES. 

Medium Contents Final Concentration or Rate of Content 

Horse Serum 5% 

Penicillin/Streptomycin 2Mm 

Epidermal Growth Factor (EGF) 20 ng/ml 

Hydrocortisone 0.5 μg/ml 

Insulin 10 μg/ml 

Choleratoxin 100 ng/ml 

 

MCF-10A cells were grown in Dulbecco’s MEM Nutrient Mix F12 (1:1) with L-

glutamine, HEPES, horse serum, Penicillin/Streptomycin, EGF, hydrocortisone, insulin, 

and cholera toxin (Table 3).  

DMEM high glucose with L-glutamine, sodium pyruvate, fetal bovine serum, and 

Penicillin/Streptomycin was prepared in 50ml falcon tube. Besides, Dulbecco’s MEM 

Nutrient Mix F12 (1:1) with L-glutamine, HEPES, horse serum, Penicillin/Streptomycin, 

EGF, hydrocortisone, insulin, and cholera toxin was prepared in 500ml bottle. 
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2.2.1.2 Sterilization of the Materials 
 

Before cell passage, all tips, glassware, distilled pure water (dH2O) and ultra-pure water 

(ultra-dH2O) were sterilized by autoclave at the special condition (Table 4). 

 

Table 2.4. The type of sterilization types and their condition. 

Type of sterilization Temperature Time 

Tips and glassware 121 oC 20 minutes 

dH2O and ultra-dH2O 121 oC 15 minutes 

 

2.2.1.3 Thawing of Frozen Cell Lines 
 

Cells were removed from -86oC and were quickly defrosted in 37 oC water bath. 

As soon as ice crystals melted, the cells were taken into sterile falcon tube and fresh cell 

culture medium was added. Next, the falcon tubes were centrifuged at 600 rpm for 5 

minutes. After centrifugation, the supernatant was removed, and the pellet was dissolved 

in 5 ml fresh medium. Lastly, the cells were put in 25 cm2 flask. Generally, the cells were 

ready to use in the experiment after 3 passages. 

 

2.2.1.4 Freezing of Cell Lines 
 

Firstly, Mix1 and Mix2 solution were prepared for this step. The contents of these 

solution are shown at the following table (Table 5-6). 

 

Table 2.5. The contents and the percentage of contents in cell freezing Mix1 

medium. 

Mix1 Contents The percentage of contents 

Fresh pure cell culture medium 60% 

FBS 40% 
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Table 2.6. The contents and the percentage of contents in cell freezing Mix2 

medium. 

 

The cells were frozen to use further studies. For this thesis, two different 

characterized cell lines, adherent and suspended cells, were used. For adherent cell lines 

(SKBR-3 and MCF-10A), the cell culture medium was removed and washed with 1X 

PBS. Then, 2ml trypsin-EDTA was added in 75 cm2 flask and incubated in CO2 incubator 

at 37 oC. After that, cells were collected with the 4ml medium in a falcon tube and were 

centrifuged at 600 rpm for 5 minutes. After centrifugation, the supernatant was removed, 

and the pellet was dissolved with 500μl of Mix1 solution as 2x106 cells/cryogenic vial. 

Then, 500μl of Mix2 solution was added drop by drop in the cryogenic vial. After this 

application, these vials were put in the special box that contains isopropanol to protect 

the cells from having damaged. After one day, these vials were transferred in cryogenic 

box.  

   

2.2.2 Determination of Cytotoxic Effect of NCs On Cells 
 

The cytotoxic effect of NCs on SKBR-3 and MCF-10A were determined by XTT 

assay and trypan-blue staining. These two applications were based on cell proliferation 

and cell viability, respectively. In addition to that, their effects were determined in co-

culture of SKBR-3 and K562 cell lines with trypan-blue staining.    

 

2.2.2.1 XTT Cell Proliferation Assay 
 

XTT assay from Roche (Cat. No. 11465015001, Roche) is a colorimetric assay 

that is used for quantification of cell growth, cell viability, and cytotoxicity. 

Each types of cells were seeded differently because of their cell growth and 

doubling time. 5000 cells/well for SKBR-3 and 2000 cells/well for MCF-10A in 100μl 

Mix2 Contents The percentage of contents 

Fresh pure cell culture medium 80% 

DMSO 20% 
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of medium were seeded in 96-well plate. After 24 hours, the different concentration of 

NCs were added in 4 replicated wells for each concentration value of NCs. After 48 hours 

and 72 hours, XTT labeling reagent: electron-coupling reagent were prepared as 50:1 

dilution rate. Then, 50μl prepared XTT solution was added into each well. Next, 96-well 

plate was incubated in an incubator at 37 oC, %5 CO2 for 6 hours. Finally, the formation 

of orange formazan dye was detected at 450nm with spectrometry from Thermo ELECTRON 

CORPORATION Multiskan Spectrum.  

For determination of cytotoxic effects of NCs on cells, the wide range of NCs 

concentrations (1ng/ml, 5 ng/ml, 10 ng/ml, 50 ng/ml, 100 ng/ml, 500 ng/ml, 1 μg/ml, 10 

μg/ml, 20 μg/ml, 50 μg/ml, 100 μg/ml) were applied on to the cells. According to the first 

result, the second and third replication were continued by 0.1 μg/ml, 1 μg/ml, 10 μg/ml, 

100 μg/ml different size of NCs that consisted of free micelles and free micelles 

conjugated with HER-2 peptide. After this application, cytotoxicity of only Doxorubicin 

(DOX) was determined at 0.1 μM, 0.5 μM, 1 μM, 2 μM and 5 μM for SKBR-1 and 0.05 

μM, 0.1 μM, 0.25 μM, and 1 μM for MCF-10A that was based on literature search. The 

efficiency of micelles which were DOX-loaded micelles and DOX-loaded micelles 

conjugated with HER-2-peptide were applied at 0.05 μM, 0.1 μM, 0.25 μM, and 1 μM 

doses.  

 

2.2.2.2 Trypan Blue Staining-Cell Viability Assay  
 

Trypan-blue dye (Sigma-Aldrich) is known as the dye exclusion method. This 

method was used to distinguish live and dead cells to quantify cell viability.  

 

2.2.2.3 Trypan Blue Staining for SKBR-3 and MCF-10A cells 
 

30.000 cells/well for SKBR-3 and 10.000 cells/well for MCF-10A in 500μl/well 

medium were seeded in 24-well plate. After 24 hours, the different concentration of 

micelles were added in 3 replicated wells for each concentration value of micelles. After 

48 hours and 72 hours, the medium on cells was discharged and washed with 500μl/well 

1X PBS. Next, 500μl/well trypsin-EDTA was added and incubated for 10-15 minutes. 

500μl/well medium was added and suspended with pipetting. The 30μl medium was 
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added in 30μl trypan blue dye. Lastly, a 10μl mixture of trypan blue dye and cells were 

inoculated in Neubauer slide from MARIENSUPERIOR GERMANY and collected number of 

live cells under the microscope (Carl Zeiss-12V DC 30W).   

 

2.2.2.4 Trypan Blue Staining for co-cultured SKBR-3 and K562 cells 
 

30.000 cells/well for SKBR-3 and 30.000 cells/well for K562 in 500μl/well 

medium were seeded in 24-well plate separately. After 24 hours, the medium on SKBR-

3 was discharged and K562 cells are added in each well. The different concentration of 

NCs was added in 3 replicated wells for each concentration value of NCs. After 48 hours 

and 72 hours, the medium on cells was discharged and washed with 500μl/well 1X PBS. 

Next, 500μl/well trypsin-EDTA was added and incubated for 10-15 minutes. 500μl/well 

medium was added and suspended with pipetting. The 30μl medium was added in 30μl 

trypan blue dye. Lastly, a 10μl mixture of trypan blue dye and cells were inoculated in 

Neubauer slide from MARIENSUPERIOR GERMANY and collected number of live cells under 

the microscope (Carl Zeiss-12V DC 30W).   

 

2.2.3 Observation of Intracellular NCs Update 
 

The taken DOX-loaded NCs and DOX-loaded NCs conjugated with peptide were 

determined by fluorescence microscopy (Olympus-IX83). Next, the fluorescence 

intensity density and co-localization analysis were determined by using Image-J and Fiji 

image processing programs, respectively.       

 

2.2.3.1 Fluorescence Imaging (DAPI & DOX) 
 

Firstly, the sterilized coverslip was placed on each well of the 6-well plate. 

250.000 cells/well for SKBR-3 and 150.000 cells/well for MCF-10A in 500μl/well 

medium were seeded in a 6-well plate separately. After 24 hours, IC50 dose of DOX-

loaded NCs and DOX-loaded NCs conjugated with peptide were added in well. After 48 

hours, the medium on cells was aspirated and washed with 2ml/well 1X PBS twice. Next, 

2ml/well 3.7% paraformaldehyde (PFA) was added and incubated for 20 minutes. After 

incubation, PFA on cells was discharged and washed with 2ml/well 1X PBS twice. Then, 
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1:500 DAPI (stock 5mg/ml) was added in each well and incubated at 30 minutes. A 

coverslip was placed on a slide. Lastly, slides were stored at 4 oC refrigerator overnight.  

The 10 different images were taken at Alexa-555 for 210.5 ms. Then, image 

analysis based on fluorescence intensity density was done by using Image-J program. 

Also, 3 different images were taken at DOX and DAPI fluorescence. The co-localization 

values were determined by the Fiji program.  

            

2.2.4 Determination of Apoptotic Effects of Micelles on Cells 
 

In this study, the apoptotic effect of micelles on SKBR-3 and MCF-10A were 

determined by using Annexin V/PI dual staining apoptosis assay and JC-1 mitochondrial 

membrane potential assay. The viable, apoptotic and necrotic cells were shown by using 

Annexin V/PI dual staining apoptosis assay and the apoptotic cells also were shown by 

using JC-1 mitochondrial membrane potential assay that is based on the measurement of 

loss of mitochondrial membrane potential.  

 

2.2.4.1 Annexin V/PI Double Staining Apoptosis Assay 
 

Annexin V/PI Dual Staining Apoptosis Assay from BioLegend (Lot: B196507) is 

a fluorometric assay that was used to identify apoptotic and necrotic cells.   

5x105 cells/well/2ml medium of SKBR-3 were seeded in 6-well plate. After 24 hours, 

IC50 and IC70 doses of DOX-NCs and DOX-HER-2-NCs were applied onto cells and 

incubated in CO2 incubator at 37 oC, %5 CO2 for 24 and 48 hours. After incubation, the 

medium was collected in falcon tubes. 1ml Trypsin-EDTA was added to each well. After 

incubation with Trypsin-EDTA, 4ml of medium was added in each well and collected in 

a falcon tube. Next, the cells were centrifuged at 800 rpm for 5 minutes. After 

centrifugation, the supernatant was removed, and the pellet was dissolved with 1X PBS. 

Then, the cells were centrifuged at 1000 rpm for 5 minutes. This step was replicated two 

times. The pellet was then dissolved with 200μl/well Annexin Binding Buffer (ABB). 2μl 

FITCH or/and 2μl PI were added according to Figure 7. The tubes were incubated at 

room- temperature for 15 minutes. Finally, apoptotic or necrotic cells were detected with 

flow cytometry. 
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Figure 2.2. Annexin V/PI dual staining apoptosis assay application step and 

determination of quadrants. 

 

2.2.4.2 JC-1 Mitochondrial Membrane Potential Assay  
 

JC-1 Mitochondrial Membrane Potential Assay was obtained from Cayman (Cat. 

No. 10009172) and was used to determine the loss of mitochondrial membrane potential. 

JC-1 dye is known as a lipophilic, cationic, and fluorescent dye.  

Before this step, the JC-1 Assay Buffer was prepared by dissolving 1 tablet in 

100ml distilled water. Next, 1X JC-1 staining solution was prepared with culture medium. 

5.000 cells/well of SKBR-3 in 100μl medium were seeded in 96-well plate. After 

24 hours, the different concentration of micelles (DOX-NCs and DOX-HER-2-NCs) were 

added in 3 replicated wells for each concentration value of micelles. After 48 hours, 

10μl/well of 1X JC-1 staining solution was added and incubated in an incubator at 37 oC, 

%5 CO2 for 20 minutes. After incubation, cells were centrifuged at 1000 rpm for 5 

minutes. After centrifugation, the supernatant was removed, and the pellet was dissolved 

with 200μl of JC-1 assay buffer were added in each well. This step was replicated two 

times. Finally, JC-1 dye was detected at 535-595nm and 485-535nm with spectrometry 

from Thermo ELECTRON CORPORATION Multiskan Spectrum. 
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2.2.4.3 Western Blotting  
 

This assay was used to identify expression level of specific proteins.  In this study, 

the protein levels of Bcl-2, Bax, Caspase-3, and GAPDH were determined by western 

blotting. 

 

2.2.4.3.1  Cell Lysis 
 

5x105 cells/well/2ml medium of SKBR-3 were seeded in 6-well plate. After 24 

hours, IC50 doses of micelles (DOX-NCs and DOX-HER-2-NCs) were added in cells 

and incubated in CO2 incubator at 37 oC, %5 CO2 for 48 hours. After incubation, the 

medium was collected in falcon tubes. 1ml Trypsin-EDTA was added in each well. After 

incubation with Trypsin-EDTA, 4ml medium was added in each well and collect in a 

falcon tube. Next, the cells were centrifuged at 800 rpm for 5 minutes. After 

centrifugation, the supernatant was removed and the pellet was dissolved with 5ml of 1X 

PBS. Again, the cells were centrifuged at 800 rpm for 5 minutes. After centrifugation, 

150μl of cell lysis buffer was added for each tube. They were centrifuged at 14.000 rpm 

for 20 minutes. After centrifugation, the supernatant (protein samples) was collected a 

new tube. 

 

2.2.4.3.2  BCA Assay 
 

BCA assay consists of two main steps which are the preparation of standards and 

working solution. 2.0 mg/ml BSA solution was found in SMARTTM BCA Protein Assay 

Kit. Different concentrations of protein standards were prepared to a determined protein 

concentration of a working solution (Table 7).  

Working Solution (WS) was prepared by mixing 50:1, Solution A: Solution B. 

Then, 25 μl of each standards and unknown samples were put into a microplate well. 

Next, 200 μl of the Working Solution (WS) was added into each well and mixed by plate 

shaker for 30 seconds. Plate was incubated at 37°C for 30 minutes. Next, plate was cooled 

to room temperature. Finally, the absorbance of solution was measured at 562nm on 

spectrometry.  
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Table 2.7. Preparation of Diluted Albumin (BSA) Standards. 

Tube The volume of 

Diluent (μl) 

Volume and Source of 

BSA 

Final 

Concentration 

1 0 300 μl of Stock 2,000 μg/ml 

2 125 375 μl of Stock 1,500 μg/ml 

3 325 325 μl of Stock 1,000 μg/ml 

4 325 325 μl of tube 3 dilution 500 μg/ml 

5 325 325 μl of tube 4 dilution 250 μg/ml 

6 325 325 μl of tube 5 dilution 125 μg/ml 

7 400 100 μl of tube 6 dilution 25 μg/ml 

8 400 0 0 μg/ml 

 

The protein concentrations of all unknowns were adjusted to the standard 

concentration before mixing with 2-Mercaptoethanol and 4X Laemmli Sample Buffer so 

that the final concentration of protein is the same for all samples. The mixture was 

incubated at 95 ºC for 10 minutes. 

Acrylamide gel was prepared by using TGX Stain-FreeTM FastCastTM 

Acrylamide Kit (10%). This kit consists of resolver solution A, stacker solution A, 

resolver solution B, stacker solution B, %10 APS (ammonium persulfate), and TEMED. 

Firstly, 3ml resolver solution A and 3ml resolver solution B, 30 μl of %10 APS, and 3 μl 

of TEMED was mixed and loaded between glasses. After polymerization, 1ml stacker 

solution A and 1ml stacker solution B, 10 μl of %10 APS, and 2 μl of TEMED was mixed 

and loaded between glasses. 30 μl of samples were loaded into the wells. 4 μl of Standards 

(Prestained Protein SHARPMASSTM VI Protein MW marker) were used in our studies as 

markers. The samples were run at 90 Volt and 19 Amper until the dye run off bottom of 

the gel (~ 1.5 hours).   

 

2.2.4.3.3 Transfer of Proteins from Gel to Membrane  
 

Proteins were transferred from 10% acrylamide gel to PVDF membrane. The 

membrane was wetted with methanol for 10 minutes, rinsed with dH2O and finally 

washed with 20% of methanol in 1X Transfer Buffer. Two pieces of transfer stacks were 
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washed with 20% of methanol in 1X Transfer Buffer. Next, the “sandwich” was 

assembled as 7 pieces of transfer stacks-gel-PVDF membrane-7 pieces of transfer stacks 

by using the Trans-Blot® TurboTM Transfer System for 25V, 2.5 Amper, and 17 

minutes. When the transfer was finished, the membrane was immersed in 5% BSA 

solution at room temperature for 1 hour. 

After incubation, BSA solution was removed and the prepared primary antibody 

solution was added at 4ºC for overnight. At the end of the primary antibody binding, 5 

mL of 1% Tween in 1X TBS Buffer was added onto the membrane and incubated for 10 

min at room temperature for three times. The buffer was replaced with BSA solution 

containing secondary antibody and incubated for 1 h at room temperature. At the end of 

the secondary antibody binding, 5 mL of 1% Tween in 1X TBS Buffer was added onto 

the membrane and incubated for 10 min at room temperature for three times. After 

removing all the buffers, the membrane was incubated with ClarityTM Western ECL 

Substrate for 5 minutes. A membrane was exposed automated program by using FUSION 

SL VILBER LOURMAT imaging system. 

 

Table 2.8. The using antibodies in determination of apoptotic protein. 

Name of Antibody Prepared solution type Dilution rate 

Bcl-2 (Primary Antibody) %5 BSA in TBS-Tween 1:1000 

Bax (Primary Antibody) %5 BSA in TBS-Tween 1:1000 

Caspase-3 (Primary Antibody) %5 BSA in TBS-Tween 1:2000 

GAPDH (Loading control) %5 BSA in TBS-Tween 1:2500 

IgG (Secondary Antibody) %5 BSA in TBS-Tween 1:3000 

 

 
2.2.5 Determination of Cytostatic Effect of Micelles on Cells 

 

In this study, the cytostatic effect of micelles on SKBR-3 and MCF-10A were 

determined by using cell cycle assay. This method was used to show cell cycle arrest or 

cell growth/survival in stages of the cell cycle, which are G1, S, and G2. The using cell 

cycle analysis provided to determine cell cycle arrest after drug application to understand 

effect mechanism of drug on cell cycle of SKBR-3.  
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2.2.6 Cell Cycle Analysis with using Propidium Iodide Staining 
 

Cell cycle analysis depends on the quantitation of DNA content in cells. For this 

purpose, propidium iodide (PI) which is DNA-binding dye was used to measure a 

fluorescent intensity in G0/G1, S, and G2/M phases.      

5x105 cells/well/2ml medium of SKBR-3 were seeded in 6-well plate. After 24 

hours, IC20, IC50, and IC80 doses of micelles (DOX-NCs and DOX-HER-2-NCs) were 

added in cells and incubated in CO2 incubator at 37 oC, 5% CO2 for 48 hours. After 

incubation, the medium was collected in falcon tubes. 1ml Trypsin-EDTA was added in 

each well. After incubation with Trypsin-EDTA, 4ml medium was added in each well 

and collect in a falcon tube. Next, the cells were centrifuged at 800 RPM for five minutes. 

After centrifugation, the supernatant was removed and the pellet was dissolved with 1ml 

of cold 1X PBS and placed in the icebox for 15 minutes. Next, 4 ml of (-20oC) 100% 

Ethanol was added and waited in the refrigerator at -20oC overnight. Next, the cells were 

centrifuged at 800 rpm for 5 minutes. After centrifugation, the supernatant was removed 

and the pellet was dissolved with 1ml of cold 1X PBS. Again, the cells were centrifuged 

at 800 RPM, 5 minutes. After centrifugation, the supernatant was removed and the pellet 

was dissolved with 1 ml of 1X PBS-(0.1%) Triton X 100. Next, 100 μl RNase-A was 

added and incubated at 37oC for 30 minutes. After incubation, 100 μl PI was added and 

incubated at room temperature for 10 minutes. Finally, the different phases of the cell 

cycle was detected with flow cytometry in IZTECH-BIOMER.   

 

2.2.7 Image Processing and Statistical Analysis 
 

In this study, Image J and Fiji programs were used to determine fluorescence 

intensity density and co-localization analysis, respectively. Additionally, the GraphPad 

Prism 7 program was also used for the draw all graphs and statistical analysis.  

R-total value represents co-localization value. If it is closed to “1”, two different 

images from different fluorescence wavelengths are co-localized and determined by 

Pearson's correlation coefficient.  

Statistical analysis was done using t-test, p<0.05:*; p<0.01:**; p<0.001:*** were 

considered significant. The error bars represent the standard deviations. 
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Figure 2.3. Experimental flow chart for this project. 
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3 CHAPTER 3 
 

 

RESULTS & DISCUSSIONS 
 

 

3.1 Free NCs and free HER-2-NCs did not affect cell proliferation of 

SKBR-3 and MCF-10A cells 
 

The cytotoxic effects of free-NCs and HER-2-NCs on SKBR-3 and MCF-10A 

was explored by step-wise increasing concentrations (0.1- to 100 μg/ml) of both NCs at 

48 and 72h.   

 

  

Figure 3.1. Cytotoxic effects of free NCs on cell proliferation of SKBR-3 (A) and 

MCF-10A (B) cells at 48- and 72h. 

A 

B 
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Cytotoxic effects of free NCs on SKBR-3 cells were determined by XTT cell 

proliferation assay. Experiments were conducted in triplicate in at least three independent 

experiments, and statistical analysis was done using paired t-test, and p<0.05:*; 

p<0.01:**; p<0.001:*** were considered significant. The error bars represent the 

standard deviations. The error bars are not seen when they are smaller than the thickness 

of the lines on the graphs (Figure 3.1). 

As shown in Figure 3.1A, SKBR-3 cells continued to survive upon exposure to 

free NCs which were referred to that free NCs did not exhibit cytotoxic properties at both 

48- and 72h. Besides, there was no significant change as compared to both control-trails. 

However, comparison of 48- and 72h application had significant change, but cell 

proliferation is approximately 80-90% that was shown non-toxicity.     

In Figure 3.1B, exposure of free NCs on MCF-10A cells did not exhibit cytotoxic 

properties at both 48- and 72h. Besides, there was no significant change as compared to 

both control-trails and 48- and 72h. According to the comparison of Figure 3.1A and 

Figure 3.1B, free NCs cause similar effects on both SKBR-3 and MCF-10A cells.  

Next, Figure 3.2A demonstrated the effect of free HER-2-NCs on SKBR-3 cells 

which did not exhibit cytotoxic properties at both 48- and 72h that is similar to free NCs. 

Besides, there was no significant change as compared to both control-trails and 48- and 

72h.  

Additionally, Figure 3.2B showed that MCF-10A cells were also grown upon 

exposure to free HER-2-NCs. The results showed that there were no significant cytotoxic 

effects on MCF-10A at 48- and 72h that were also similar to free NCs. 

Overall, the free NCs and conjugation of HER-2 peptide sequence on NCs did not 

induce cytotoxicity on cells. Additionally, this property supports the advantage of 

nanocarriers which is biocompatible. This point also provided to controlling cytotoxicity 

effects of DOX on cancer cells that also formed by releasing of DOX on cells.  

After this determination, the effect of size of nanocarriers was identified by using 

cell proliferation assay. Also, the physicochemical characterization of nanocarriers has 

an important role in cellular processes.  

 

 



43 
 

  

 

 

Figure 3.2. Cytotoxic effect of free HER-2-NCs on cell proliferation of SKBR-3 

(A) and MCF-10A (B) cells at 48- and 72h. 

 

Cytotoxic effects of free HER-2-NCs were determined by XTT cell proliferation 

assay for SKBR-3. Experiments were done in triplicate in at least three independent 

experiments, and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; 

p<0.001:*** were considered significant. The error bars represent the standard 

deviations. The error bars are not seen when they are smaller than the thickness of the 

lines on the graphs (Figure 3.2) 

 

A 

B 
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3.2 Increasing size of free NCs and free HER-2-NCs did not affect cell 

proliferation of SKBR-3 and MCF-10A cells significantly  
 

The cytotoxic effects of higher size of free-NCs-2 and HER-2-NCs-2 on SKBR-

3 and MCF-10A cells was explored by step-wise increasing concentrations (0.1- to 100 

μg/ml) of both NCs at 48- and 72h. 

 

 

 

 

Figure 3.3. Cytotoxic effects of free NCs-2 on cell proliferation of SKBR-3 (A) 

and MCF-10A (B) cells at 48- and 72h. 

A 

B 
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Cytotoxic effects of second free NCs-2 were determined by XTT cell proliferation 

assay for SKBR-3 and MCF-10A cells. Experiments were done in triplicate in at least 

three independent experiments, and statistical analysis was done using paired t-test, 

p<0.05:*; p<0.01:**; p<0.001:*** were considered significant. The error bars represent 

the standard deviations. The error bars are not seen when they are smaller than the 

thickness of the lines on the graphs (Figure 3.3). 

 

 

 

 

Figure 3.4. Cytotoxic effects of free HER-2-NCs-2 on cell proliferation of SKBR-

3 (A) and MCF-10A (B) cells at 48- and 72h. 

A 

B 
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Cytotoxic effects of second free NCs-2 were determined by XTT cell proliferation 

assay for SKBR-3. Experiments were done in triplicate in at least three independent 

experiments, and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; 

p<0.001:*** were considered significant. The error bars represent the standard 

deviations. The error bars are not seen when they are smaller than the thickness of the 

lines on the graphs (Figure 3.4). 

Furthermore, the effects of NCs size on cell proliferation were determined by 

using the same method (XTT cell proliferation assay). The size of free NCs-2 is 115nm 

that is higher than 80nm of free NCs-1. Also, the results showed that increasing size of 

NCs did not cause any significant change on cell proliferation (Figure 3.3A-3.3B & 

Figure 3.4A-3.4B). 

   

3.3 DOX-HER-2-NCs is more effective on cell proliferation of SKBR-

3 cells compared to DOX-NCs 
 

For this part, the cytotoxic effect of DOX was examined to determine the optimal 

concentration of DOX-NCs and DOX-HER-2-NCs. Step-wise increasing concentrations 

of DOX (0,1- to 5 μM) for SKBR-3 cells and DOX (0,05- to 1 μM) for MCF-10A cells 

were used to determine inhibitory concentration (IC50) value at 48- and 72h.   

 

 

Figure 3.5. Cytotoxic effect of DOX on cell proliferation of SKBR-3 cells at 48- 

and 72h. 
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Cytotoxic effects of DOX were determined by XTT cell proliferation assay for 

SKBR-3. Experiments were done in triplicate in at least three independent experiments, 

and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; p<0.001:*** 

were considered significant. The error bars represent the standard deviations. The error 

bars are not seen when they are smaller than the thickness of the lines on the graphs 

(Figure 3.5). 

The IC50 values of DOX  was calculated and found as 0.65- and 0.61 μM for 

SKBR-3 cells at 48- and 72h, respectively (Figure 3.5).  

 

 

Figure 3.6. Cytotoxic effect of DOX on cell proliferation of MCF-10A cells at 48- 

and 72h. 

 

Cytotoxic effects of DOX were determined by XTT cell proliferation assay for 

MCF-10A. Experiments were done in triplicate in at least three independent experiments, 

and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; p<0.001:*** 

were considered significant. The error bars represent the standard deviations. The error 

bars are not seen when they are smaller than the thickness of the lines on the graphs 

(Figure 3.6). 

Besides, The IC50 values of DOX were 0.08- and 0.1μM for MCF-10A cells at 

48- and 72h, respectively (Figure 3.6). These results helped us to determine DOX effects 
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on cells for the continuation of the next processes which are decision of doses of DOX-

NCs and DOX-HER-2-NCs.  

 

Figure 3.7. Cytotoxic effect of DOX-NCs and DOX-HER-2-NCs on cell 

proliferation of SKBR-3 cells at 48h. 

 

Cytotoxic effects of DOX-NCs and DOX-HER-2-NCs were determined by XTT 

cell proliferation assay for SKBR-3. Experiments were done in triplicate in at least three 

independent experiments, and statistical analysis was done using paired t-test, p<0.05:*; 

p<0.01:**; p<0.001:*** were considered significant. The error bars represent the 

standard deviations. The error bars are not seen when they are smaller than the thickness 

of the lines on the graphs (Figure 3.7). 

The results shown that IC50 values of DOX-NCs and DOX-HER-2-NCs were 

0.45- and 1.07 μM for SKBR-3 cells at 48h, respectively (Figure 3.7). The significant 

change was on both DOX-NCs and DOX-HER-2-NCs. According to IC50 values, DOX-

HER-2-NCs was 2-fold more effective on SKBR-3 cells as compared to DOX-NCs 

(Figure 3.7).  

Additionally, the results showed that IC50 values of DOX-NCs and DOX-HER-

2-NCs were 0.15- and 0.18 μM for MCF-10A cells at 48h, respectively (Figure 3.8). 

DOX-NCs and DOX-HER-2-NCs exhibited almost similar cytotoxic effect on MCF-

10A. Also, there was no significant change. The effects of DOX-HER-2-NCs were higher 
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on HER-2 overexpressed SKBR-3 cells. However, HER-2 conjugated NCs does not have 

significant effects on proliferation of MCF-10A cells. 

 

 

Figure 3.8. Cytotoxic effect of DOX-NCs and DOX- HER-2-NCs on cell 

proliferation of MCF-10A cells at 48h. 

 

Cytotoxic effects of DOX-NCs and DOX- HER-2-NCs were determined by XTT 

cell proliferation assay for MCF-10A. Experiments were done in triplicate in at least three 

independent experiments, and statistical analysis was done using paired t-test, p< 0.05:*; 

p<0.01:**; p<0.001:*** were considered significant. The error bars represent the 

standard deviations. The error bars are not seen when they are smaller than the thickness 

of the lines on the graphs (Figure 3.8). 

According to XTT cell proliferation assay, comparison of DOX-HER-2-NCs and 

DOX-NCs was determined at 48h application because the DOX molecule is more 

affective on SKBR-3 and MCF-10A cells at 48h. The IC50 value of DOX was 0.65 μM 

at 48h while IC50 value of DOX-NCs was 1.07 μM. The DOX conjugated micelles 

application decreased effects of DOX on SKBR-3 cells. However, IC50 values of DOX-

HER-2-NCs was 0.45μM. DOX conjugated HER-2 micelles increased effects of DOX as 

compared to both only DOX molecules application and DOX-NCs at 48h application. 
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These results were analyzed by using t-test. According to that, when all doses of 

DOX-NCs and DOX-HER-2-NCs were compared,  DOX-NCs and DOX-HER-2-NCs  

have significant difference on SKBR-3 cells at 48h application.   

 

3.4 Increasing concentration of DOX-HER-2-NCs reduced cell 

viability on SKBR-3 cells significantly, rather than DOX-NCs 
 

The cytotoxic effects of NCs on SKBR-3 and MCF-10A cells was explored by 

step-wise increasing concentrations of both DOX-NCs and DOX-HER-2-NCs at 48 and 

72h.   

 

 

Figure 3.9. Cytotoxic effect of DOX-NCs and DOX-HER-2-NCs on cell number 

of SKBR-3 cells at 48h. 

 

Cells, grown in 24-well plates (3x104 cells/well), were treated in increasing doses 

of DOX-NCs and DOX-HER-2-NCs at 48h. Cell viability was determined using trypan 

blue dye exclusion assay. Experiments were done in triplicate in at least three independent 

experiments, and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; 
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p<0.001:*** were considered significant. The error bars represent the standard 

deviations. The error bars are not seen when they are smaller than the thickness of the 

lines on the graphs (Figure 3.9). 

Treatments with 0.1- to 2 μM of DOX-NCs and DOX-HER-2-NCs on SKBR-3 

cells at 48h were determined by counting live cells under the microscope. The cell 

viability decreased as the concentration of NCs increased. For 0.1 μM of DOX-NCs and 

DOX-HER-2-NCs have significantly decreased. In addition, increased concentrations (at 

0.5- and 1 μM) caused more significant change as compared to 0.1 μM dose of NCs. 

However, 2 μM for both DOX-NCs and DOX-HER-2-NCs had significant cytotoxic 

effects on cells (Figure 3.9).   

 

 

Figure 3.10. Cytotoxic effect of DOX-NCs and DOX-HER-2-NCs on cell number 

of SKBR-3 cells at 72h. 

 

Cells grown in 24-well plates (3x104 cells/well), were treated in increased doses 

of DOX-NCs and DOX-HER-2-NCs at 72h. Cell viability was determined using trypan 

blue dye exclusion assay. Experiments were done in triplicate in at least three independent 

experiments, and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; 
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p<0.001:*** were considered significant. The error bars represent the standard 

deviations. The error bars are not seen when they are smaller than the thickness of the 

lines on the graphs (Figure 3.10). 

On the other hand, time points also affected significant change at different 

concentration. Only at 0.1 μM, that is low dose of both DOX-NCs and DOX-HER-2-

NCs, caused significant change (Figure 3.10). These result showed that, NCs have 

significant effects on cell viability of SKBR-3 cells in a dose- and time dependent manner. 

 

 

Figure 3.11. Cytotoxic effect of DOX-NCs and DOX-HER-2-NCs on cell number 

of MCF-10A cells at 48h. 

Cells grown in 24-well plates (1x104 cells/well), were treated in increasing doses 

of DOX-NCs and DOX-HER-2-NCs at 48h. Cell viability was determined using trypan 

blue dye exclusion assay. Experiments were done in triplicate in at least three independent 

experiments, and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; 

p<0.001:*** were considered significant. The error bars represent the standard 

deviations. The error bars are not seen when they are smaller than the thickness of the 

lines on the graphs (Figure 3.11). 
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Treatment with increasing concentration of DOX-NCs and DOX-HER-2-NCs 

between 0.05- and 1μM at 48h and 72h decrease viability of MCF-10A cells, whereas 

there was no change in cell number of MCF-10A cells as compared to each dose. The 

decreased viable cell number was analyzed by t-test. According to t-test analysis, there 

were not significant changes in all of doses compare to DOX-NCs and DOX-HER-2-NCs 

(Figure 3.11 and Figure 3.12). So, these results demonstrated that DOX-NCs and DOX-

HER-2-NCs have similar effects on cell viability of MCF-10A cells at both 48h and 72h.  

 

 

Figure 3.12. Cytotoxic effect of DOX-NCs and DOX- HER-2-NCs on MCF-10A 

cells at 72h. 

Cells grown in 24-well plates (1x104 cells/well), were treated in increasing doses 

of DOX-NCs and DOX- HER-2-NCs at 48h. Cell viability was determined using trypan 

blue dye exclusion assay. Experiments were done in triplicate in at least three independent 

experiments, and statistical analysis was done using paired t-test, p<0.05:*; p<0.01:**; 

p<0.001:*** were considered significant. The error bars represent the standard 

deviations. The error bars are not seen when they are smaller than the thickness of the 

lines on the graphs (Figure 3.12). 
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3.5 Treatment of DOX-NCs-HER-2 on co-cultured SKBR-3 and K562 

cells decreased cell viability of SKBR-3 significantly 
 

The role of DOX-NCs and DOX-HER-2-NCs on co-culture of SKBR-3 and K562 

cells was explored by applying increasing concentrations of both NCs (0.1- to 2 μM) at 

48h. This method aids to determine the selectivity and specificity of DOX-NCs and DOX-

HER-2-NCs on cell viability of SKBR-3 and K562 at the same condition. 

 

 

Figure 3.13. Cytotoxic effect of DOX-NCs on co-culture SKBR-3 and K562 cells 

at 48h. 

 

Cells grown in 24-well plates (3x104 cells/well for both SKBR-3 and K562), were 

treated in increasing doses of DOX-NCs at 48h. Cell viability was determined using 

trypan blue dye exclusion assay. Experiments were done in triplicate in at least three 

independent experiments, and statistical analysis was done using paired t-test, p<0.05:*; 

p<0.01:**; p<0.001:*** were considered significant. The error bars represent the 

standard deviations. The error bars are not seen when they are smaller than the thickness 

of the lines on the graphs (Figure 3.13). 
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Figure 3.14. Cytotoxic effect of DOX-NCs-HER-2 on co-culture SKBR-3 and 

K562 cells at 48h. 

 

Cells grown in 24-well plates (3x104 cells/well for both SKBR-3 and K562), were 

treated in increasing doses of DOX-HER-2-NCs at 48h. Cell viability was determined 

using trypan blue dye exclusion assay. Experiments were done in triplicate in at least 

three independent experiments, and statistical analysis was done using paired t-test, 

p<0.05:*; p<0.01:**; p<0.001:*** were considered significant. The error bars represent 

the standard deviations. The error bars are not seen when they are smaller than the 

thickness of the lines on the graphs (Figure 3.14). 

K562 cells are HER-2 negative, similar to MCF-10A cells and the doubling time 

of K562 and SKBR-3 cells is similar. In addition, the IC50 value of DOX on SKBR-3 

and K562 cells is similar. So, the comparison of DOX-NCs and DOX-HER-2-NCs on 

both cell lines is more reliable since the co-culture studies are important in determining 

the efficiency of NCs and DOX. The NCs application were occurred same condition and 

same wells. So, the effectivity of DOX-NCs and DOX-HER-2-NCs on HER-2 positive 

SKBR-3 and HER-2 negative MCF-10A cells were determined more significantly.    

The treatment of DOX-NCs reduced cell viability of both SKBR-3 and K562 cells 

at 48h but there was not significant change (Figure 3.13). Additionally, treatments of 
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DOX-NCs-HER-2 decreased cell viability of both SKBR-3 and K562 cells. DOX-HER-

2-NCs were significantly more effective on SKBR-3 cells (Figure 3.14).  

Co-culture treatment studies revealed that DOX-HER-2-NCs causes significant 

decreases in cell viability as compared to DOX-NCs on SKBR-3 cells. These results also 

were compared by using t-test statistical analysis. The comparison of all doses of DOX-

HER-2-NCs is more effective on SKBR-3 cells at 48h. This experimental result also 

showed drug selectivity on HER-2 positive and negative cells. The drug selectivity on 

SKBR-3 cells were more than on K562 cells as it was confirmed that viable cell number 

of SKBR-3 cells was less than K562 cells.  

 

3.6 DOX-HER-2-NCs uptake was higher than DOX-NCs in SKBR-3 

cells at 48h.  
 

The uptake of 1.07 μM DOX-NCs (IC50 concentration) and 0.45 μM DOX-HER-

2-NCs (IC50 concentration) by SKBR-3 cells at 48h were defined by fluorescence 

imaging. For this purpose, 10 different images were processed by using ImageJ.  

The concentration of IC50 values of NCs for SKBR-3 cells was applied and it was 

swhoen that the fluorescence intensity density value of DOX-NCs-HER-2 is higher as 

compared to DOX-NCs despite a low concentration application of DOX-NCs-HER-2. 

The conjugated HER-2 peptide on NCs provided a high uptake rate by SKBR-3 cells 

(Figure 3.15).  

After unpaired statistical analysis, the fluorescence intensity density value of 

DOX-NCs-HER-2 is fourfold more than DOX-NCs on SKBR-3 cells. This difference 

was also significant. This result revealed that the DOX-NCs-HER-2 was more effective 

than DOX-NCs on SKBR-3 HER-2 positive cells. High cytotoxic effects of DOX-HER-

2-NCs on SKBR-2  cells can be explained by more uptake of DOX molecules. 

Besides the determination of fluorescence intensity density on SKBR-3 cells for 

DOX-NCs and DOX-HER-2-NCs, the localization of DOX molecules was different. The 

localization of DOX molecules was determined by using FIJI imaging processes program. 

For this purpose, the co-localization analysis was used with localization of DAPI and 

DOX. The images of DAPI and DOX at different wavelength were merged and R-total 
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value was calculated by 3 images. The R-total value represents co-localization value. If 

it is closed to “1”, two different images from different fluorescence wavelengths are co-

localized and determined by Pearson's correlation coefficient.  

 

Figure 3.15. Fluorescence images and fluorescence intensity density of DOX-NCs 

and DOX-HER-2-NCs for SKBR-3 cells at 48h, Magnification: 20X, 

Blue: DAPI; Red: DOX 

SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with 1.07 μM 

DOX-NCs and 0.45 μM DOX-HER-2-NCs at 48h. Experiments were done in triplicate 

in at least three independent experiments, and statistical analysis was done using unpaired 

t-test, p<0.05:*; p<0.01:**; p<0.001:*** were considered significant for 10 different 

images sections. The error bars represent the standard deviations (Figure 3.15).  

Drug release rate and efficiency of DOX-HER-2-NCs was higher than DOX-NCs. 

Besides, the distribution of DOX is different for DOX-HER-2-NCs and DOX-NCs that 

was identified by the co-localization analysis of DOX (red) and DAPI (nuclei dye-blue). 

These results showed that targeted DOX-HER-2-NCs increased uptaken DOX by 

HER-2 enriched SKBR-3 cells. The co-localization value of DOX-HER-2-NCs was 

higher than DOX-NCs on SKBR-3 cells. This difference was determined by using 

unpaired t-test statistical analysis. So, the significant change was found between the 

application of DOX-NCs and DOX-HER-2-NCs on SKBR-3 cells (Figure 3.16).  
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Figure 3.16. R-total value (co-localization) of DOX-NCs and DOX-HER-2-NCs 

for SKBR-3 cells at 48h, Magnification: 100X, Blue: DAPI; Red: 

DOX 

 SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with IC50 

of DOX-NCs and DOX-HER-2-NCs at 48h. The statistical analysis was done using 

unpaired t-test, p<0.05:*; p<0.01:**; p<0.001:*** were considered significant for three 

different images sections. The error bars represent the standard deviations. The error bars 

are not seen when they are smaller than the thickness of the lines on the graphs (Figure 

3.16). 

The localization of drug in cells is important to understand targeting mechanism 

of drug. This diffence can be occurred because of application dose of NCs and drug 

release mechanism. According to this images, effective mechanism of NCs was different 

on SKBR-3 cells. 

The localization of DOX-NCs and DOX-HER-2-NCs were different. This event 

can be occured two possibilities. One is the drug concantration. The application doses of 

DOX-NCs and DOX-HER-2-NCs were different because their IC50 values were 

different. Other possibilitiy was effects of drug mechanism on SKBR-3 cells. The targeted 

property of DOX-HER-2-NCs induce tracking of nucleus in SKBR-3 cells. However, it 
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was not occured after application of DOX-NCs. So, DOX-NCs were localized in 

cytoplasm. 

 

3.7 DOX-NCs-HER-2 uptake was similar to DOX-NC uptake in 

MCF-10A cells at 48h 
 

The uptake of 0.15 μM DOX-NCs (IC50 value) and 0.18 μM DOX-HER-2-NCs 

(IC50 value) by SKBR-3 and MCF-10A cells at 48h were defined by fluorescence 

imaging. 

 

Figure 3.17. Flurosance images and fluorescence intensity density of DOX-NCs 

and DOX-NCs-HER-2 for MCF-10A cells at 48h, Magnification: 

10X-20X, Scale bars= 50 μm, Blue: DAPI; Red: DOX. 

MCF-10 cells grown in 6-well plates (3x105 cells/well), were treated with IC50 

doses of DOX-NCs-HER-2 and DOX-NCs at 48h. Experiments were done in triplicate in 

at least three independent experiments, and statistical analysis was done using unpaired 

t-test, p<0.05:*; p<0.01:**; p<0.001:*** were considered significant for 10 different 

images sections. The error bars represent the standard deviations (Figure 3.17).  

The IC50 value of NCs was applied to MCF-10A cells and the results showed that 

the fluorescence intensity density value of DOX-NCs-HER-2 and DOX-NCs was similar 

(Figure 3.17). Besides, there was not significant change because MCF-10A cells do not 

carry HER-2 receptor. 



60 
 

3.8 Increasing concentrations of DOX-NCs and DOX-HER-2-NCs 

induces apoptosis and necrosis in SKBR-3 cells. 
 

IC50 and IC70 values of DOX-NCs and DOX-NCs-HER-2 were applied on 

SKBR-3 cells at 48h and apoptosis and necrosis percentage were defined by Annexin 

V/PI double staining assay.        

 

 

Figure 3.18. The percentage of DOX-NCs for SKBR-3 cells at 48h. 

SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with IC20 

and IC70 doses of DOX-NCs at 48h. Experiments were done in triplicate in at least three 

independent experiments. The error bars represent the standard deviations (Figure 3.18).  

The Annexin V-PI double staining was used to determine four different quadrants 

showing that Q1: necrosis; Q2: Late apoptosis; Q3: Live and Q4: Early apoptosis.    

During Annexin V/PI double staining, all compensation adjustment was set up to 

for fluorescence crosstalk the following control by using unstained cells, Annexin V 

single labeling, PI single labeling, and Annexin V/PI double labeling. This step is very 

important to obtain singly stained cells. 
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The results revealed thattreatment of SKBR-3 with DOX-NCs induced apoptosis 

until 1.07 μM. Increasing dose of DOX-NCs increased percent of apoptotic cell 

population. However, increasing concentration of DOX-NCs induced necrosis to 28%.  

Moreover, the three independent experiments showed similar outcomes as shown in 

Figure 3.18.  

 

 

Figure 3.19. The percentage of DOX-HER-2-NCs for SKBR-3 cells at 48h. 

 

SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with IC20 

and IC70 doses of DOX-HER-2-NCs at 48h. Experiments were done in triplicate in at 

least three independent experiments. The error bars represent the standard deviations 

(Figure 3.19).  

The results showed that treatment of SKBR-3 cells with DOX-HER-2-NCs 

triggered apoptosis. Increasing doses of DOX-HER-2-NCs increased percent of apoptotic 

cell population. However, increasing concentration of DOX-HER-2-NCs induced 

necrosis. Moreover, similar results were observed from three independent experiments as 

shown in Figure 3.19.  
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3.9 Mitochondrial membrane potential did not change in SKBR-3 

cells treated with DOX-NCs and DOX-HER-2-NCs at 48h. 
 

The effects of DOX-NCs and DOX-NCs-HER-2 (0.5-5μM) on mitochondrial 

membrane potential (MMP) of SKBR-3 cells at 48h were determined by JC-1 MMP 

assay.        

 

 

Figure 3.20. Effects of DOX-NCs and DOX-HER-2-NCs on mitochondrial 

membrane potential for SKBR-3 at 48h. 

 

SKBR-3 cells grown in 96-well plates (5x103 cells/well) were treated with 0.5-

5μM doses of DOX-NCs and DOX-HER-2-NCs for 48h. Experiments were done in 

triplicate in at least three independent experiments. The error bars represent the standard 

deviations (Figure 3.20).  

SKBR-3 cells were treated with increasing concentrations of DOX-NCs and 

DOX-HER-2-NCs and changes in mitochondrial membrane potential was determined. 

The results showed that increasing doses of both DOX-NCs and DOX-HER-2-NCs did 

not effects MMP of SKBR-3 cells (Figure 3.20). This result also showed that DOX-NCs 

and DOX-HER-2-NCs induced necrosis instead of apoptosis confirming our Annexin 

V/PI double staining results (Figure 3.18 and Figure 3.19). 
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3.10 Bcl-2 protein levels was not changed in SKBR-3 cells treated with 

DOX-NCs and DOX-HER-2-NCs at 48h. 
 

 

Figure 3.21. Effects of DOX-NCs and DOX-HER-2-NCs on Bcl-2 protein level 

for SKBR-3 cells at 48h. 

 

SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with IC50 

doses of DOX-NCs and DOX-HER-2-NCs at 48h. Experiments were done in triplicate in 

at least three independent experiments. The error bars represent the standard deviations 

(Figure 3.21).  

Bcl-2 protein is involved in the regulation of apoptotic cell death. In this 

experiment, GAPDH was used as internal positive control to understand the changes in 

protein levels of Bcl-2. The results showed that there was a small decreased in protein 

levels of Bcl-2 was in response to DOX-HER-2-NCs application (Figure 3.21). During 

this experiment, 1.07μM of DOX-NCs and 0.45μM of DOX-HER-2-NCs were used to 

determined Bcl-2 protein level. In this step, IC50 value was trailed because the apoptosis 

was observed in Annexin V/PI double staining while increaseing doses of DOX-NCs and 

DOX-HER-2-NCs induced necrosis.  

Bcl-2 protein has roles in a critical life-death decision point in the common 

pathway. Application of DOX-NCs and DOX-HER-2-NCs decreased protein levels of 

Bcl-2. However, the protein levels of Bcl-2 decreased in response to DOX-HER-2-NCs 

application as compared to DOX-NCs and control. 
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3.11 Bax protein level was increased and Caspase-3 protein was 

cleavage for SKBR-3 cells after treated with DOX-NCs and DOX-

HER-2-NCs at 48h. 
 

 

Figure 3.22. Effects of DOX-NCs and DOX-HER-2-NCs on Bax protein level for 

SKBR-3 cells at 48h. 

 

SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with IC50 

doses of DOX-NCs and DOX-HER-2-NCs at 48h. Experiments were done in triplicate in 

at least two independent experiments. The error bars represent the standard deviations 

(Figure 3.22).  

In parallel with determining the protein levels of pro-apoptotic Bax protein,we 

analysed protein levels of GAPDH which is used as internal positive control. The results 

showed that the protein levels of Bax was increased in response to DOX-NCs and DOX-

HER-2-NCs as compared to control (Figure 3.21). During this experiment, 1.07μM of 

DOX-NCs and 0.45μM of DOX-HER-2-NCs were used to determine protein levels of 

Bax.  

Application of DOX-NCs and DOX-HER-2-NCs increased protein levels of pro-

apoptotic Bax. Besides, low dose of DOX-HER-2-NCs and high dose of DOX-NCs had 

a similar effect. So, low dose of DOX-HER-2-NCs was more effective than high dose of 

DOX-NCs. The effective mechanism of DOX-HER-2-NCs was related to Bax protein.  

Low dose of DOX-HER-2-NCs  induce Bax protein without Bcl-2 protein. 
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Figure 3.23. Effects of DOX-NCs and DOX-HER-2-NCs on Caspase-3 protein 

level for SKBR-3 cells at 48h. 

 

SKBR-3 cells grown in 6-well plates (5x105 cells/well for) were treated with IC50 

doses of DOX-NCs and DOX-HER-2-NCs at 48h. Experiments were done in triplicate in 

at least three independent experiments. The error bars represent the standard deviations 

(Figure 3.23).  

Apoptotic pathways are orchestrated by caspases, a family of cysteine proteases 

and cleavage on the carboxy-terminal side of specific aspartic acid residues. Caspase-3 

protein is member of Caspase family. The cleavage of Caspase-3 provide fragment 

formation that is detected with substrate-specific antibodies. These fragments are 

determined by western blotting.  

The results revealed that, Caspase-3 was cleavage and observed as 17kDa and 

35kDa in response to IC50 doses of DOX-NCs and DOX-HER-2-NCs at 48h. The rate of 

cleavage of Caspase-3 was increased as compared to control. However, the Caspase-3 

cleavage were not observed. Besides, this result showed that treatment of DOX-NCs and 

DOX-HER-2-NCs at 48h induce apoptosis. In addition, the DOX-HER-2-NCs is more 

effective than DOX-NCs on SKBR-3 cells since low dose of DOX-HER-2-NCs and high 

dose of DOX-NCs had similar effects. The IC50 dose of DOX-NCs is 1.07μM and IC50 

dose of DOX-HER-2-NCs was 0.45μM (Figure 3.23).  
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3.12 Increasing doses of DOX-NCs and DOX-HER-2-NCs change the 

cell cycle profile of SKBR-3 cells. 
 

In addition to determining cytotoxic and apoptotic effects of the agents on the 

cells, we determined the cell cycle profiles of SKBR-3 cells exposed to IC20, IC50, and 

IC80 doses of DOX-NCs and DOX-HER-2-NCs by flow cytometry (Figure 3.24 & 

Figure 3.25). 

 

 

Figure 3.24. Effects of DOX-NCs on cell cycle phases of SKBR-3 at 48h. 

 

SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with IC20, 

IC50, and IC80 doses of DOX-NCs at 48h. Experiments were done in triplicate in at least 

three independent experiments. The error bars represent the standard deviations. 
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SKBR-3 cells treated with 0.27μM- and 1.07μM of DOX-NCs increased G2 

phase and decreased G1 phase of the cell cycle. However, applications of 4.7μM of  

DOX-NCs on SKBR-3 cells increased G1 phases of cell cycle (Figure 3.24).  

 

 

Figure 3.25. Effects of DOX-HER-2-NCs on cell cycle phases for SKBR-3 at 

 48h. 

 

SKBR-3 cells grown in 6-well plates (5x105 cells/well) were treated with IC20, 

IC50, and IC80 doses of DOX-HER-2-NCs at 48h. Experiments were done in triplicate 

in at least three independent experiments. The error bars represent the standard deviations 

(Figure 3.25).  

SKBR-3 cells treated with 0.16μM and 0.45μM of DOX-HER-2-NCs increased 

G2 phase and decreased G1 phase in cell cycle. However, there were no significant 

differences between 0.16μM and 0.45μM. The applications of 3.5μM of DOX-HER-2-

NCs on SKBR-3 cells increased G1 phase of cell cycle (Figure 3.25).  
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The effects of DOX-NCs and DOX-HER-2-NCs on cell cycle progression of 

SKBR-3 were similar. Although, lower doses of DOX-HER-2-NCs were applied as 

compare to DOX-NCs, the results showed that DOX-HER-2-NCs were more specific and 

selective for SKBR-3 cells than DOX-NCs.    
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4 CHAPTER 4 
 

 

CONCLUSION 

 

 

Breast cancer is a common type of cancer. According to statistical analysis, this 

type of cancer is the second leading cause of cancer mortality for women in worldwide. 

Additionally, breast cancer is seen frequently in 154 countries of 185 countries according 

to statixtical analysis. Besides, leading cause of cancer death is breast cancer in more than 

100 countries. 1 of every 4 women is diagnosed with breast cancer in worldwide (1). 1.7 

million new cases of breast cancer were diagnosed according to 2012 data (5). 

Approximately, 2.1 million new diagnosed female breast cancer cases were estimated 

with respect to 2018 data (1). It is clear from these articles that the rate of a breast cancer 

diagnosis is increasing day by day. 

 There are different therapeutic options for breast cancer, such as surgery, 

chemotherapy, radiotherapy, hormone therapy, and novel targeted therapy that is based 

on pathological and clinical outcomes (166). The traditional treatment of breast cancer 

including surgery, radiotherapy, and chemotherapy contain many side effects such as 

anxiety, depression, decreasing life quality, vomiting, pain, and disruption of sleep 

disturbance (167). So, new treatment strategies are developing to overcome cancer. At 

this point, targeted therapy is important to manage the treatment of cancer, reduce 

treatment-related side effects, and to improve more specific and efficient treatment 

methods.  

For the effective treatment of cancer, different nanoparticle or nanocarriers such 

as quantum dots, nanotubes, lipids, polymers, porous silica, and micelles can be used. All 

of them have different properties in terms of physicochemical characterization such as 

size, charge, shape, surface, drug loading and releasing capacity. These features can be 

modified with targeting molecules such as peptide and antibody. On the other hand, anti-

cancer agents such as DOX, cisplatin, and 5-fluorouracil can be loaded to these carriers.           

HER-2 is called as human epidermal growth factor receptor that has a role in cell 

proliferation and growth. The receptor directed nanoparticles or nanocarriers provide 
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stabilization of drug delivery capacity and pharmacokinetic regulation to manage synergy 

of drugs that have a role in targeted therapy of cancer (168).    

In this study, we highlighted the critical role of targeting nanocarriers by using 

HER-2 peptide on breast cancer as well as HER-2 enriched breast cancer cell types. HER-

2 enriched breast cancer SKBR-3 and HER-2 negative normal breast cells MCF-10-A 

cells were used to determine specificity and effectivity of DOX-HER-2-NCs. For this 

purpose, the cytotoxic, apoptotic and cytostatic effects of the agents on these cells were 

determined by cell proliferation, apoptosis, and cell cycle assays.  

Firstly, the cytotoxic role of two different free NCs (80nm and 115nm) and free 

HER-2-NCs (160nm and 200nm) at 48h and 72h were determined in terms of size. They 

did show cytotoxic effects on SKBR-3 and MCF-10A cells. These NCs have 

biocompatible properties because of their low toxic effects. In addition, micelles have a 

dynamic structure that is also called as problem for cancer treatment since dynamic 

structure cause leak out of drug and minimal circulation time. These problems were 

solved by using cross-linking of core moiety that provides stability. The acid-sensitive 

crosslinking also provided cleavage by two sites of pH-effect and drug release. Next, the 

effect of DOX was identified to define applied doses of DOX-NCs and DOX-HER-2-

NCs.   

In this study, unused VSSTQDFP peptide sequences were conjugated with NCs. 

These peptide sequences have never been used with nanocarriers according to literature. 

Only Abbineni et. al. demonstrate the role of VSSTQDFP peptide with using filamentous 

phage on SKBR-3 cells. Their results showed that VSSTQDFP peptide has a role in cell 

internalization by the reorganization of actin filament in SKBR-3 cells that was critical 

for cellular cytoskeleton (169). At this point, using VSSTQDFP peptide sequence has a 

critical role in targeted HER-2 overexpressed SKBR-3 cells and cellular internalization.       

Our results showed that DOX-HER-2-NCs reduced cell proliferation significantly 

as compared to DOX-NCs as determined by XTT cell proliferation assay and trypan-blue 

staining for cell viability assay. Firstly, we examined a range of DOX doses that were 

also supported by literature information to determine doses of DOX-NCs and DOX-HER-

2-NCs. The IC50 doses of DOX-NCs and DOX-HER-2-NCs were 1.07 μM and 0.45μM 

for SKBR-3 respectively. However, DOX-NCs and DOX-HER-2-NCs had similar effects 

on MCF-10A cells since their IC50 values were determined as 0.15 μM and 0.18 μM, 

respectively. These results revealed that DOX-HER-2-NCs is more effective on SKBR-3 
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cells at 48h because of HER-2 receptor on these cells. In addition, the unpaired t-test also 

showed significant differences between DOX-NCs and DOX-HER-2-NCs. 

The important part of our study was the co-culture experiments that was 

established with SKBR-3 (HER-2 enriched) and K562 (HER-2 negative). The results of 

this part is critical for ex-vivo studies. We analyzed the selectivity of DOX-HER-2-NCs 

at the same condition for two different cells.  The effects of 0.5-, 1-, and 2 μM of DOX-

NCs and DOX-HER-2-NCs was determined by trypan blue staining. The DOX-HER-2-

NCs was more effective than DOX-NCs on SKBR-3 cells. In addition, the selectivity of 

DOX-HER-2-NCs was more on SKBR-3 cells as compared to K562 cells and these 

results were supported by unpaired t-test statistical analysis. However, DOX-NCs had 

similar effects on SKBR-3 and MCF-10A cells.      

One of the main problems in chemotherapy is drug distribution in the body. So, 

this problem can be solved by nanocarriers that penetrate specific cancer cells with 

enhanced permeability and retention. Thise effects also provide increased drug efficiency 

and decreased drug resistance. We demonstrated increased uptake of DOX by SKBR-3 

and MCF-10A cells after treatment with DOX-NCs and DOX-HER-2-NCs as determined 

by fluorescence intensity density analyses using fluoresce microscopy. The fluorescence 

intensity density in SKBR-3 cells was higher when these cells were treated with DOX-

HER-2-NCs as compared to DOX-NCs. DOX-HER-2-NCs and DOX-NCs had the same 

effects on MCF-10A cells in terms of fluorescence intensity density. In addition to that, 

we also observed different localization of DOX in SKBR-3 cells treated with DOX-HER-

2-NCs and DOX-NCs. The DOX-HER-2-NCs was localized in the nucleus of SKBR-3 

cells but DOX-NCs was scattered in the cytoplasm. Next, we focus on the co-localization 

of DOX and DAPI that is also known nuclei dye for comparison of DOX-HER-2-NCs 

and DOX-NCs permeability effects.          

Annexin-V/PI double staining ecperiments demonstrated that low dose of DOX-

HER-2-NCs and DOX-NCs triggered apoptosis. However, increasing doses of DOX-

HER-2-NCs and DOX-NCs induced necrosis.  These results show that two different 

possibilities could occur like Figure 31 (170).  In addition to that, there was no loss of  

mitochondrial membrane potential in SKBR-3 cells. Apoptosis analysis demonstrated 

that the rate of apoptosis increased until doses at IC50 of DOX-HER-2-NCs and DOX-

NCs but increasing doses induced necrosis. So, the mitochondrial change at increasing 

doses was not observed by both Annexin V/PI double staining and JC-1 mitochondrial 
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membrane potential assay.  After this application, two different possibilities were 

concluded in terms of cell death pathways (Figure 4.1). 

  

 

Figure 4.1 The possibility of drug effect on apoptosis and necrosis of SKBR-3 
cells. 

 

Bcl-2, Bax, and Caspase-3 protein was determined by using western blotting. 

Each protein was used to determine its role in the apoptosis signaling pathway. Our result 

shown that there was no decrease in protein levels of Bcl-2 but the  protein levels of Bax 

increased in experimental group as compared to control group and normalized to internal 

positive gene, GAPDH. After this experiment, we have two main question marks; I. 

“Application of DOX conjugated NCs induce necrosis or apoptosis” and, II. “Application 

of DOX conjugated NCs induce apoptosis without Bcl-2 protein”. After this application, 

the changes in protein level of Caspase-3 in response to DOX-NCs and DOX-HER-2-

NCs were determined. Our results showed that Caspase-3 was cleavaged after NCs 

application. Whelan R.S. et al. explained that Bax protein regulates primary necrosis 

through mitochondrial dynamics (171). So, the apoptosis can be regulated through Bax 

protein. Next, the apoptosis can be regulated without mitochondrial membrane dynamics 

because Bcl-2 protein expression did not chande as compared to control. Bcl-2 protein 

was known as the main regulator of the apoptotic pathway by activation-deactivation of 

this protein. However, Bax protein regulates primary necrosis. In addition, Rogers C. et. 

al. showed that cleavage of Caspase-3 during apoptosis regulate the secondary 

necrotic/pyroptotic cell death (172). Our results also showed that the Caspase-3 cleavage 

occurred after NCs application. In agreement with the literature, our studies demonstrated 

that application of DOX-NCs and DOX-HER-2-NCs induced apoptosis and primary 
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necrosis. It is also known that apoptosis induces secondary necrosis. So, the increasing 

doses of DOX-NCs and DOX-HER-2-NCs induced necrosis.  

On the other hand, G1, S, and G2 cell cycle phases were identified by the 

cytostatic analysis. DOX is known as topoisomerase inhibitor blocking topoisomerase-

II-DNA complexes in G2 and S phases (173). In this section, IC20, IC50, and IC80 doses 

were used to determine the dose-dependent effects of the agents on the cell cycle 

progression. The application of 0.27- and 1.07μM DOX-NCs increased percent of cells 

in G2 phase. This event represents that SKBR-3 cells were more susceptible to increasing 

dose of DOX-NCs. However, a high dose of DOX-NCs (4.7μM) induced DNA damage 

was more in G1 phases than either in S or G2 phases. The application of 0.16- and 0.45 

μM DOX-HER-2-NCs increased cell population in G2 phase. The lower dose of DOX-

HER-2-NCs had the same effects with DOX-NCs. As a result, these experiments 

confirmed that DOX-HER-2-NCs is more selective and effective in SKBR-3 cells.     

 

 

Figure 4.2. Past and future plan in this project. 

 

Taken together all these results showed that the novel synthesized NCs can be used 

for effective treatment of HER-2 positive breast cancer patients. However, the 

genotoxicity analysis is necessary to continue in vivo and phase studies for the application 

of drug approval (Figure 4.2). In addition, the physicochemical characteristic of NCs also 

will be developed to increase drug efficiency by modification of acid-sensitive drug 

linking.   
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In different studies, nanoparticle or nanocarriers are referred to as “Trojan horses” 

(174). From this perspective, the micelles used in our study are the “Trojan horses” and 

DOX is the soldiers placed in the “Trojan horse” to fight with breast cancer cells. Using 

specific HER-2 peptide could be referred to as the blanket over “Trojan horses” that 

provides protection from outside of cells until full delivery inside the cells.     
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