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ABSTRACT 

 
DEVELOPMENT AND INVESTIGATION OF THE EFFICACY  

OF LAPATINIB LOADED TARGETED DRUG DELIVERY  

NANOSYSTEM FOR BREAST CANCER TREATMENT 

 
Due to the limitations and side effects of current treatment methods, targeted drug 

delivery systems using chemotherapeutics in the treatment of breast cancer have been 

widely investigated in recent years.  

The synthesis, characterization and biocompatibility studies of the cancer drug 

lapatinib (LAP) encapsulated in zeolitic imidazolate framework-8 (ZIF-8), one of the 

metal organic frameworks (MOF), were carried out and its cytotoxic effects were revealed 

in two different cancer cell lines. LAP encapsulated into ZIF-8 (LAP@ZIF-8) was 

synthesized with encapsulation efficiency of 72.42% and drug loading of 6.55%. Various 

characterization analyzes were used and evaluated to determine the particle size and 

images of LAP@ZIF-8, its hydrodynamic diameter, zeta potential, chemical content, 

functional groups/chemical bonds, crystallinity/structure, and finally its thermal 

properties. The release ability at pH 5.5 compared to pH 7.4 showed the controlled release 

of the drug in the acidic tumor microenvironment. While the serum protein binding study 

result showed that LAP@ZIF-8 was biocompatible, the hemolysis experiment showed 

that it was hemocompatible, harmless to fresh blood, and could be used in biologically 

practical applications. The IC50 value of LAP@ZIF-8 in SKBR-3 cell line was 9.38, 3.81, 

and 1.20 μg/mL after 24 h, 48 h, and 72 h incubation time, respectively. The IC50 value 

of LAP@ZIF-8 in MCF-7 cell line was 22.05, 16.13, and 9.14 μg/mL after 24 h, 48 h, 

and 72 h incubation time, respectively.  

The developed LAP@ZIF-8 nanoparticle system is thought to have the potential 

to achieve optimal therapeutic effect for use in breast cancer treatment. 
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ÖZET 

 
 MEME KANSERİ TEDAVİSİNE YÖNELİK LAPATİNİB  

YÜKLÜ HEDEFLİ İLAÇ TAŞIYICI NANOSİSTEMİN  

GELİŞTİRİLMESİ VE ETKİNLİĞİNİN ARAŞTIRILMASI  

 
Mevcut tedavi yöntemlerinin sınırlamaları ve yan etkilerinden dolayı, meme 

kanseri tedavisinde kemoterapötiklerin kullanıldığı hedefe yönelik ilaç taşıyıcı sistemler 

son yıllarda geniş çapta araştırılmaktadır.  

Metal organik çerçevelerden (MOF) biri olan zeolitik imidazolat çerçeve-8 (ZIF-

8) içinde kapsüllenen kanser ilacı lapatinibin (LAP) sentezi, karakterizasyonu, 

biyouyumluluk çalışmaları yapıldı ve sitotoksik etkileri iki farklı kanser hücre hattında 

ortaya çıkarıldı. ZIF-8 içerisine kapsüllenen LAP (LAP@ZIF-8), %72,42 kapsülleme 

verimliliği ve %6,55 ilaç yüklemesi ile sentezlendi. LAP@ZIF-8'in parçacık boyutunu ve 

görüntülerini, hidrodinamik çapını, zeta potansiyelini, kimyasal içeriğini, fonksiyonel 

grupları/kimyasal bağları, kristalliğini/yapısını ve son olarak termal özelliklerini 

belirlemek için çeşitli karakterizasyon analizleri kullanılmış ve değerlendirilmiştir. pH 

7.4'e kıyasla pH 5.5'teki salım yeteneği, ilacın asidik tümör mikro ortamında kontrollü 

salımını gösterdi. Serum protein bağlama çalışması sonucu LAP@ZIF-8'in biyouyumlu 

olduğunu gösterirken, hemoliz deneyi hemouyumlu olduğunu, taze kana zararsız 

olduğunu ve biyolojik olarak pratik uygulamalarda kullanılabileceğini gösterdi. SKBR-3 

hücre hattındaki LAP@ZIF-8'in IC50 değeri, 24 saat, 48 saat ve 72 saatlik inkübasyon 

süresinden sonra sırasıyla 9,38, 3,81 ve 1,20 μg/mL idi. MCF-7 hücre hattındaki 

LAP@ZIF-8'in IC50 değeri, 24 saat, 48 saat ve 72 saatlik inkübasyon süresinden sonra 

sırasıyla 22,05, 16,13 ve 9,14 μg/mL idi.  

Geliştirilen LAP@ZIF-8 nanopartikül sisteminin meme kanseri tedavisinde 

kullanım için optimal terapötik etkiyi elde etme potansiyeline sahip olduğu 

düşünülmektedir. 
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CHAPTER 1  

 

INTRODUCTION 

 

1.1. Cancer 

 

Cancer is a global health problem whose seriousness increases day by day as it is 

among the causes of death in the world. According to 2020 global cancer statistics, 

approximately 19.3 million new cancer cases and 10.0 million cancer-related deaths have 

been recorded worldwide. Breast cancer has become the most diagnosed cancer type in 

women, surpassing lung, colorectal, prostate and stomach cancers (Sung et al. 2021).  

Cancer alters cell functions and creates dysfunctions in vital genes due to 

mutations in genes; affects the cell cycle and causes abnormal (uncontrolled) 

proliferation. Proto-oncogenes responsible for cell division become oncogenes by genetic 

mutation. Abnormal cell division is also caused by a deficiency of tumor suppressor genes 

such as p53 (Hassanpour and Dehghani 2017). 

Exposure to environmental mutagens, tobacco smoke containing various 

carcinogenic chemical compounds, as well as viral infection (virus and bacteria) and 

carcinogenesis factors such as UV-light cause gene mutations and these are among the 

important causes of human cancer (Hassanpour and Dehghani 2017; Poon et al. 2014). 

The fact that cancer is a diverse disease at the tissue level makes it difficult to diagnose 

and treat (Meacham and Morrison 2013).  

Common cancer treatments include chemotherapy, surgery, and radiation therapy. 

Chemotherapy works with the logic of a drug delivery system used to prevent and kill 

cancer cell proliferation. New treatments that continue to be developed in addition to 

hyperthermia, photodynamic therapy, immunotherapy, and photothermal therapy include 

angiogenesis inhibitor therapy, biological therapies, and targeted cancer therapies. The 

main purpose of these therapies is to reduce drug toxicity with nanostructures and to 

increase effectiveness by targeting the tumor (Arruebo et al. 2011).  

Chemotherapy is based on inhibiting the growth and division of cancer cells. 

Chemotherapy is still a preferred therapeutic method despite its known side effects. 

However, it has been observed that high doses of chemotherapeutic drugs cause many 
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side effects and damage to healthy cells (Anand et al. 2022). Various treatment strategies 

such as surgery, chemotherapy and radiotherapy against cancer have been widely applied, 

but the results have been found to be unsatisfactory. As some small molecule drugs that 

suffer from non-specific biodistribution damage normal cells, there is an increasing need 

to develop alternative treatments to replace traditional treatment modalities (L. Zhang et 

al. 2022).  

The fact that it is necessary to develop drugs and pharmaceuticals for the treatment 

of increasing deaths due to different types of cancer makes this subject worth continuing 

to research. Over the last 20 years, studies on small molecule-based inhibitor drugs, the 

approval of new ones, and ongoing development studies have shown that they are 

promising cancer drugs. Delivery vehicles such as peptides and peptide-drug conjugates, 

metal organic framework (MOF) and many other nano-devices have been investigated 

(Chhikara and Parang 2022). 

 

1.1.1.   Breast Cancer 

 

Breast cancer is a type of cancer that is due to the presence of malignant tumors 

in the mammary glands and is the result of uncontrolled growth of epithelial cells in the 

ducts or breast lobules. Compared to phyllodes tumors and angiosarcomas, carcinoma 

constitutes the majority of breast cancer. Breast cancer is divided into three main groups: 

non-invasive (or in situ), invasive, and metastatic breast cancers. About 5-10% of breast 

cancer is genetic, the rest is caused by epigenetic and environmental factors (Y. Feng et 

al. 2018).  

Breast cancer, which covers 11.7% of cancer, surpasses lung cancer and ranks 

first as the most frequently diagnosed cancer with approximately 2.3 million new cases 

in both genders in 2020. It represents 25% of cancer cases in women and 16% of cancer 

deaths (or 1 in 6 deaths). It has been recorded that approximately 685,000 women died 

from breast cancer in 2020 (Sung et al. 2021; Arnold et al. 2022) .  

Treatment is usually with combinations of surgery, chemotherapy, and 

radiotherapy. The limitations of current targeted therapy methods, such as various side 

effects and drug resistance, have triggered new method development and research efforts. 

Searches for new methods continue to improve survival and reduce side effects 

(Anastasiadi et al. 2017).  
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Specific subtypes of breast cancer are characterized by morphological features 

and some biomarkers such as the hormone estrogen receptor (ER), progesterone receptor 

(PR), and human epidermal growth factor receptor 2 (HER2). Differences in the 

expression of receptors are called heterogeneity of biomarkers. PR-positive tumors are 

generally more aggressive than ER-positive ones. Breast tumors are divided into several 

subtypes based on hormone receptor expression and the amount of cellular proliferation 

marker Ki67 such as Luminal A, Luminal B, HER2 (non-luminal) and triple-negative 

breast cancer (TNBC, Basal-like breast cancer).  

Despite responding to anti-HER2-targeted therapy, HER2-positive carcinomas 

are the most aggressive subtype in the hormone receptor-positive breast cancer group. 

Breast carcinomas that do not express ER, PR, HER2 are classified as TNBC. It is known 

that some subtypes of TNBC, which is a highly heterogeneous cancer, are more 

aggressive, have a poor prognosis and respond poorly to treatment, while other types have 

a better prognosis and respond well to treatment. ER and PR-positive tumors are 

characterized as Luminal carcinomas. Luminal A type is ER-positive, PR-positive, 

HER2-negative and Ki67<14%. Luminal B type is ER-positive, PR-positive and is 

divided into two subgroups. While the first one is HER-negative and Ki67 is high, the 

second one is HER2-positive and Ki67 is absent. In the HER2 type is ER-negative, PR-

negative and HER2-positive. In TNBC, it is ER-negative, PR-negative, and HER2-

negative (Januškevičienė and Petrikaitė 2019).  

Luminal subtype A is the most common among the intrinsic subtypes and defined 

by expression of hormonal receptors, ER-positive and PR-positive. It is associated with a 

better prognosis (Carey et al. 2006). Luminal subtype B is defined by ER-positive, PR-

positive, and HER2-positive or HER2-negative. It is associated with higher tumor grade 

and worse prognosis compared to luminal A (Creighton 2012). HER2 overexpressed type 

is defined by ER-negative and PR-negative and HER2-positive. Triple-negative (basal-

like) breast cancer is defined by immunohistochemical staining being negative for ER, 

PR and HER2, and a high expression of myoepithelial markers like CK 5/6 (cytokeratin 

5/6). Both are associated with a worse prognosis (Yersal 2014). 
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1.1.1.1. HER2-Positive Breast Cancer 

 

The epidermal growth factor receptor family having tyrosine kinase activity 

consists of epidermal growth factor receptor (EGFR, erythroblastic leukemia viral 

oncogene homolog 1 (ErbB 1) and HER1), HER2 (ErbB2), HER3 (ErbB3), and HER4 

(ErbB4). One of these family members, HER2, is an oncogene whose purpose is to control 

cell growth, survival, differentiation, and migration through multiple signal transduction 

pathways, and is a 1255 amino acid, 185 kilodalton (kD) transmembrane glycoprotein 

located in the long arm of human chromosome 17 (Iqbal and Iqbal 2014). 

ErbB, another name for these members, refers to its origin in the Erb-b gene 

responsible for avian erythroblastosis virus. HER2 (also known as ErbB2 or p185) was 

discovered by scientists at Massachusetts Institute of Technology, Rockefeller, and 

Harvard University (Padhy et al. 1982; Schechter et al. 1984). In half of all ductal 

carcinomas in situ, amplification of the HER2 gene occurs without any evidence of 

invasive disease (K. Park et al. 2006), and HER2-positive breast cancer resulting from 

this amplification is resistant to some cytotoxic chemotherapeutic and hormonal agents 

and tends to metastasize to the brain (Gabos et al. 2006).  

HER2-positive breast cancer accounts for 20-25% of all breast cancers, with 

approximately 360,000 new cases per year worldwide. Breast cancer resulting from the 

overexpression of HER2 is aggressive and associated with a poor prognosis resulting 

from an increased level of metastasis. Various HER2-targeted agents have been approved 

for treatments for HER2 over the past five years (Schlam and Swain 2021).  

HER2-positive breast cancer is an unfavorable prognostic feature, and it has been 

reported that patients have shorter disease-free survival and overall survival times 

compared to patients with HER2-negative tumors (Opdam et al. 2012). 

The fact that 30-40% of HER2-positive breast cancers have high ER hormone 

levels causes the resistance of anti-hormone therapy in this type of breast cancer. FDA 

(Food and Drug Administration) approved drugs have been developed for the treatment 

of HER2-positive breast cancer. However, at the end of treatment, cancer cells develop 

resistance to the drug. HER2 therapy includes specific monoclonal antibodies 

(trastuzumab and pertuzumab) and small molecule inhibitors (lapatinib, neratinib, and 

pirotinib) (Fedorova et al. 2020). 
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The aim of HER2-positive breast cancer with metastatic HER2-positive tumor, 

which worsens the cancer by developing resistance, is to increase the number of patients 

recovering and to prevent possible recurrence of the cancer with treatment. Monoclonal 

antibodies, tyrosine kinase inhibitors, and antibody-drug conjugates are methods that 

target HER2. The hopeful clinical activity results and the presence of HER2 signal-

dependent tumors highlighted the need for the development of new targeted therapies 

(Swain, Shastry, and Hamilton 2023). 

 

1.2. Tyrosine Kinase Inhibitors (TKIs) 

 

Tyrosine kinases are enzymes that catalyze the transfer of the gamma phosphate 

group of adenosine triphosphate (ATP) to the hydroxyl group of tyrosine residues in 

target proteins. Tyrosine kinase enzymes are part of many cell functions, including 

cellular processes such as cell signaling, growth, division, cell migration, motility, 

differentiation, and apoptosis. These enzymes are activated or may be present at high 

levels in human tumors (Schaeper and Grossmann, n.d.). Blocking these may help prevent 

the growth of cancer cells. Tyrosine kinase inhibitors (TKIs) work by blocking tyrosine 

kinase enzymes. TKIs are a type of targeted therapy.  

TKI refers to a series of oral small molecular drugs that are active in promoting 

apoptosis and inhibiting the proliferation of cancer cells. There are five drugs officially 

approved by the FDA for the treatment of HER2-positive breast cancer, known as 

trastuzumab, pertuzumab, trastuzumab emtansine (TDM-1), lapatinib, and neratinib. 

Additionally, China's State Drug Administration has authorized a new TKI, pyrotinib. 

Due to the homologous structure of ATP, they inhibit tyrosine kinase phosphorylation by 

binding to the intracellular ATP binding sites of the EGFR family and stopping the 

signaling pathways. Compared with intravenous monoclonal antibodies, TKIs have the 

advantage of oral administration, multiple targets, and less cardiotoxicity (Xuhong et al. 

2019). 
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1.2.1. Lapatinib (LAP) 

 

Small molecules, especially TKIs, are currently used as targeted therapy agents in 

various malignancies. Lapatinib (GW 572016; Tykerb, Glaxo Smith Kline), the first dual 

inhibitor of EGFR / HER1 and HER2/ ErbB2 tyrosine kinases, was approved by the US 

FDA in 2007. Lapatinib is an orally active small molecule and dual tyrosine inhibitor of 

EGFR and HER2, which can inhibit the growth of cancer cells and induce cell apoptosis 

(Tevaarwerk and Kolesar 2009). Lapatinib (GW2016, also known as GW572016) (Figure 

1.1) was shown in cell-free biochemical kinase assays to have concentration that inhibits 

50% of cell growth (IC50) values of 10.2 and 9.8 nM against EGFR and ErbB2, 

respectively (Rusnak et al. 2001) .  

Lapatinib, a hydrophobic compound with a water solubility of approximately 

0.007 mg/mL, is synthesized from the quinazoline core found in other TKIs (Blair et al. 

2007). They are heterocyclic aromatic compounds containing a quinazoline moiety 

substituted with one or more amine groups. Additionally, lapatinib is the strong base 

compound (acid dissociation constant at logarithmic scale, pKa = 7.20) (Shprakh, 

Poskedova and Ramenskaya 2022). 

Lapatinib is an oral small molecule derivative of 4-anilinoquinazoline that targets 

the C-terminus tyrosine kinase domain of these two oncogene receptors and inhibits their 

activity. Lapatinib is better at inducing apoptosis of tumor cells than monoclonal 

antibodies targeting EGFR or HER2 previously used for this purpose. (Xia et al. 2002). 

 

 

Figure 1.1. The chemical structure of lapatinib 

(Rusnak et al. 2001) 
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It is a potent, reversible, and selective inhibitor and exerts its effect through 

competitive binding by competing with ATP at the intracellular ATP binding site of the 

receptor. This results in downstream blockade of the mammalian target of mitogen-

activated protein kinase and phosphatidylinositol 3-kinase, Akt, and rapamycin-

dependent transduction pathways, resulting in growth arrest or apoptosis of tumor cells 

(Xia et al. 2002; Ahn and Vogel 2012).  

Lapatinib has been used in combination with other drugs in several studies. FDA-

approved for use with capecitabine for HER2-positive metastatic breast cancer after 

pretreatment with anthracycline, taxane, and trastuzumab-containing regimens. In 2010, 

it was approved for use with letrozole for hormone receptor positive HER2-positive 

metastatic breast cancer (Rana and Sridhar 2012). Trastuzumab, the first HER2-targeted 

agent approved by the FDA in 1998 to enter clinical practice, is a selective monoclonal 

antibody with antitumor activity that targets the extracellular domain of the HER2 

receptor. Trastuzumab is the first registered anti-HER2 agent to improve longer time to 

disease progression, higher response rate, longer duration of response and improved 

overall survival when combined with chemotherapy (Slamon et al. 2001). Unlike 

trastuzumab, lapatinib is oral, has less cardiotoxicity and may penetrate the central 

nervous system (CNS) better (Rana and Sridhar 2012). The combination of lapatinib with 

other chemotherapeutic drugs increases the effectiveness of lapatinib in breast cancer 

metastasis (Basuli et al. 2011), while it penetrates cells faster and crosses the blood-brain 

barrier more easily than trastuzumab in the treatment of brain metastasis (S. Chen et al. 

2016). In addition, the combination of lapatinib and capecitabine has been used 

effectively in patients with HER2-positive breast cancer that is trastuzumab-resistant and 

has brain metastases (Chintalaramulu et al. 2020). 

The efficacy of lapatinib in other malignancies overexpressing EGFR and/or 

HER2 continues to be evaluated (Medina and Goodin 2008). As treatment strategies 

continue to evolve, it is hoped that the clinical management of patients with HER2-

positive breast cancer will continue to improve and translate into greater survival benefits 

in both adjuvant and metastatic settings (McArthur 2009). Although it is an effective 

drug, lapatinib is poorly water-soluble, which reduces its absorption in the intestine, 

reduces its bioavailability and damages the gastrointestinal structure. This does not allow 

it to be used as an injectable drug. Its low solubility in water has highlighted the 

application of lapatinib with nanoparticles (NPs) (H. Gao, Wang, et al. 2014).  Lapatinib, 

which is also approved in tablet form, must be taken at a dose of 1250 mg per day due to 
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its poor oral bioavailability; this causes side effects such as diarrhea and rash. Therefore, 

it requires the development of an injectable dosage form and the design of a delivery 

system (Huo et al. 2015). 

 

1.3. Targeted Drug Delivery System and Nanoparticles 

 

Nanotechnology has recently attracted more and more attention in the diagnosis 

and treatment of tumors. In addition, nanotechnology is widely used in the biomedical 

field to develop nano-sized particles. The use of traditional drug delivery systems by 

anticancer drugs poses problems such as poor specificity, high toxicity, and induction of 

drug resistance, resulting in reduced therapeutic effect of drugs (Din et al. 2017). 

Nanotechnology is the creation of useful materials and synthesis used to 

manipulate matter on an extremely small scale of 1 to 100 nm. Most anticancer drugs do 

not make a clear distinction between cancerous and normal cells, causing systemic 

toxicity and adverse effects. This results in greatly limiting the maximum allowable dose 

of the drug. Administration of large amounts of the drug for rapid elimination and 

widespread distribution to targeted organs and tissues is uneconomical and results in 

undesirable toxicity. For these reasons, nanoparticles have attracted great attention 

recently and their use in cancer treatment is becoming a growing industry. 

Pharmacologically, cancer drugs in chemotherapy reach the tumor tissue with low 

specificity and dose-dependent toxicity. Classical drug administrations are oral and 

intravenous, and they have some disadvantages. Oral intake of tablets or capsules results 

in erratic pharmacokinetics due to metabolic pathways. Therefore, it is necessary to apply 

a higher amount than the required dose, but this causes increased toxicity. It is known that 

intravenously administered drugs also cause problems because their specificity is low, 

and they damage healthy tissues. Direct delivery of anticancer drugs to tumor tissue 

prevents the drug from circulating in the body and participating in metabolism through 

various systems (Sinha et al. 2006).  

Chemotherapy, which is frequently used for cancer, has disadvantages such as 

poor bioavailability, high dose requirements, adverse side effects, low therapeutic indices, 

development of multi-drug resistance and non-specific targeting. Conventional drug 

delivery system limits clinical applications in terms of untargeted and poor drug release. 

Problems such as high toxicity, drug resistance, and preventing specificity result from the 
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use of anticancer chemotherapeutics with conventional drug delivery systems (Senapati 

et al. 2018). These limitations can be overcome by applying nanotechnology approaches 

with the drug release mechanism of nanocarriers (Patra et al. 2018). Targeted drug 

delivery systems increase the treatment effectiveness of the drug in specific organs and 

reduce the possible side effects of the drug in other organs. Researchers have extensively 

studied the development of carrier-based drug delivery systems, nanocarriers with 

targeted properties to prevent drug degradation, resistance, and drug side effects 

(Majumder, Taratula, and Minko 2019). Effectively treating disease with minimal side 

effects is the overall goal of utilizing nanocarriers in targeted drug delivery (Mishra, Patel, 

and Tiwari 2010).  

There is an increasing demand for nanocarriers targeting various diseases, which 

have optimized efficacy, reduced side effects and improved stability compared to 

conventional drug forms due to their small size, huge surface area and applicable 

targetability. There are several types of nanocarriers synthesized for drug delivery. 

Examples of these are dendrimers, liposomes, solid lipid nanoparticles, polymersomes, 

polymer–drug conjugates, polymeric nanoparticles, peptide nanoparticles, micelles, 

nanoemulsions, nanospheres, nanocapsules, nanoshells, carbon nanotubes and gold 

nanoparticles (Alshawwa et al. 2022). 

As a result of nanotechnological research, nanoparticles have revolutionized the 

pharmaceutical industry in the way drugs are formulated and delivered. In the 

pharmaceutical field, the production of nanoparticles has attracted a lot of attention due 

to their properties such as entrapment and targeting. Due to the small size and large 

surface area of drug delivery systems, drug nanoparticles show enhanced bioavailability 

with increased solubility. Nanoparticles are made from natural and synthetic polymers 

(biodegradable and non-biodegradable). They enable the targeted delivery of drugs, 

improve bioavailability, and enable controlled drug release from a single dose (Rizvi and 

Saleh 2018). Nanoparticles can be categorized as liposomal, polymer, metal, carbon, 

protein-based, and mesoporous silica. Nanoparticles used in cancer treatment have 

advantages such as solving the problem of poor solubility by increasing the bioavailability 

of the loaded drug, providing slow release by facilitating the permeability of the drug to 

cancer cells, and being able to load cancer drugs (Liyanage et al. 2019). Nanoparticles 

improve the stability and solubility of drugs, increase the efficiency of transport between 

membranes and extend circulation times (Mitchell et al. 2021). 
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Accumulation of nanoparticles in cancer cells occurs by passive and active 

targeting. In passive targeting, NPs accumulate near the tumor site as a result of the 

permeability of tumor blood vessels. This situation is also known as the enhanced 

permeability retention (EPR) effect and allows NPs to passively accumulate in solid 

tumors and/or metastatic sites through properties such as size, shape, and superficial 

charge. Active targeting takes advantage of biofunctionalization of the NP surface using 

overexpressed receptors and molecules, or ligands (with a strong affinity and specificity 

for secreted proteins in the tumor microenvironment) on tumor cells. Passive and active 

targeting that can occur simultaneously do not interfere with each other (Figure 1.2) 

(Sanità, Carrese, and Lamberti 2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Passive and active targeting of nanoparticles 

 (Sanità, Carrese, and Lamberti 2020) 

 

Passive targeting is defined as a system in which drug delivery nanoparticles can 

deliver the drug to the target site based on the selective properties of tumor tissues 

compared to healthy tissues. Tumors are highly permeable and lack functional lymphatic 

circulation. As a result of these pathophysiological conditions of tumor tissues, 

appropriately designed “drug delivery systems” easily penetrate and retain abnormal 

types of cells. By utilizing this mechanism, known as the EPR effect, it can be aimed to 

deliver low molecular weight chemotherapeutics to the tumor site. This type of drug 

targeting is called “passive targeting” because it is based on the pathophysiological 

specificity of the targeted tissue. However, the physicochemical properties of the vector, 
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such as its charge, size and surface, also play an important role in passive targeting with 

the EPR effect (Matsumura and Maeda 1986). Passive targeting is achieved by the 

characteristics of the tumor microenvironment with increased EPR effect. The 

nanoparticle enters the cell via simple diffusion. Angiogenic blood vessels in tumor 

tissues, unlike those in normal tissues, have gaps of 600 – 800 nm in size. These vascular 

structures induce the EPR effect by allowing nanoparticles to enter through these gaps 

and accumulate within tumor tissues (Mohanraj and Chen 2007). In passive targeting, the 

encapsulated anticancer agent can be released from the nanoparticle upon specific 

stimulation. The release of anticancer drug into the target tissue can be achieved with the 

pH-sensitive nanoparticle system. The accumulation of nanoparticle in tumors depends 

on the particle size, surface characteristics and circulation half-life, as well as the degree 

of angiogenesis of the tumor. It is known that nanoparticles with a diameter of less than 

200 nm and a positive surface charge tend to accumulate more in the tumor tissue and 

their residence time in the tumor tissue is longer than neutrally charged or negatively 

charged nanoparticles. Accumulation of the tumor drug in the tumor tissue more than the 

free drug form can be achieved by loading the drug into nanoparticles and the EPR effect 

in the tumor tissue. The accumulation of nanoparticles in tumor tissue is not 

homogeneous. Nanoparticles may accumulate in high concentrations in one part of the 

tumor tissue and less in another, and the reason is not yet fully understood. In passive 

targeting, when nanoparticles are transported to the target diseased organ or tissue, they 

must enter the cell of interest and release the anticancer agent they carry into the sub-

cellular organelles. For this purpose, a non-specific cell penetration strategy must be 

adopted. Non-specific uptake of nanocarriers into the cell occurs through the endocytotic 

process, where the nanoparticles form an envelope around the membrane and form a 

vesicle called endosome. Endosomes transport their contents to lysozymes, which are 

highly acidic organelles and rich in degrading enzymes. Endocytosed nanocarriers 

generally move in a specific direction and fuse with the nuclear membrane (Ganta et al. 

2008). 

Cancer nanotherapeutics are being developed to solve various limitations of 

traditional drug delivery systems. To improve the biodistribution of cancer drugs, 

nanoparticles are designed with optimum size and surface properties to increase their 

circulation time in the bloodstream. They can deliver their drugs to cancer cells by taking 

advantage of the pathophysiology of tumors, such as enhanced permeability and retention 

effect and tumor microenvironment. It appears that nanoparticles' anticancer drugs can 
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pass through barriers in the body and reach the desired tumor tissues with minimal loss 

of volume or activity in the bloodstream, and that the drugs can selectively kill tumor 

cells without affecting normal cells with controlled release. In order to deliver the drug 

to the targeted tumor tissue, nanoparticles must have the ability to remain in the 

bloodstream for a long time without being eliminated. The size of nanoparticles used in 

a drug delivery system must be large enough to prevent rapid infiltration into blood 

capillaries, but small enough not to be captured by resident macrophages (liver and 

spleen) in the reticuloendothelial system. This shows that the size of nanoparticles must 

be up to 100 nm in order to reach tumor tissues. Nanoparticles that meet the size and 

surface properties requirements to evade reticuloendothelial system capture can circulate 

in the bloodstream for longer periods of time and reach targeted tumor tissues. Thanks to 

the unique pathophysiological properties of tumor vessels, nanoparticles enable their 

selective accumulation in tumor tissues. This is called the increased permeability and 

retention effect. Another factor contributing to passive targeting is the unique 

microenvironment surrounding tumor cells, which differs from normal cells. Fast-

growing, hyperproliferative cancer cells display a high metabolic rate, and the supply of 

oxygen and nutrients is often not sufficient to maintain it. Therefore, the acidic 

environment occurs when tumor cells use glycolysis to obtain additional energy. As 

tumor cells obtain energy through glycolysis, the pH value of the tumor 

microenvironment becomes acidic. By taking advantage of this feature, pH-sensitive 

systems can be designed that can release drugs at low pH values when targeting the tumor 

(Cho et al. 2008). Nanoparticles are of interest to support the release of anticancer drugs 

targeting the tumor microenvironment to target sites and to increase intra-tumor 

accumulation (Mo and Gu 2016). 

Anticancer agents encapsulated in the nanoparticles inhibit the development of 

drug resistance. It owes this to its inability to be recognized by cellular flow mechanisms. 

In recent years, with the understanding of tumor biology, new targeted drug delivery 

approaches provide optimism in developing successful cancer therapy (Vasir and 

Labhasetwar 2005).  

Nanotechnology aims to ensure that the drug is targeted to the site of action. It 

also works on the formulation of therapeutic agents in biocompatible nanocarriers such 

as nanoparticles, nanocapsules, micelle systems and dendrimers, and develops new 

methods. While nanocarriers enable the transport of targeted drugs to the tumor structure, 

research makes it possible to diagnose and treat diseases, especially cancer. With efficient 
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drug delivery, nanotechnology can foster innovative use of manufactured existing drugs. 

Nanotechnology has become more and more common in many disciplines, especially in 

healthcare, showing that the process of replacing conventional drugs has begun and will 

accelerate over time (Parveen, Misra, and Sahoo 2012). 

 

1.4. Metal Organic Frameworks (MOFs) 

 

Targeted therapies often inhibit the proliferation of cancerous cells (cytostatic), 

while conventional chemotherapy drugs kill tumor cells (cytotoxic) (Tran et al. 2023). 

Most biomolecules have insufficient stability, solubility, poor pharmacokinetics, 

biocompatibility and/or off-target activities. Scientists have developed MOFs that work 

by surrounding active cargoes and directing them to specific tissues to address 

pharmacokinetic issues (Williams et al. 2021).  

MOFs were first proposed by Hoskins and Robson in 1989 (Hoskins and Robson 

1989). With over 20,000 variants available, biomaterials called MOFs are created by 

combining metal clusters or metal ions with organic ligands via coordinative bonds. 

Ultimately, it results in a two- or three-dimensional structure (Furukawa et al. 2013).  

Chemotherapeutic drugs are not specific, and usually cause toxicity in normal 

cells. Nanoscale MOFs are versatile and important drug carriers for chemotherapy. Drugs 

are readily incorporated within the MOF porosity, while the MOF replaceable surface can 

provide extended circulation capabilities, targeting, and controllable drug release. To go 

a step further, attention has recently been drawn to personalized medicine that uses MOF 

nanoparticles for cancer treatment, rather than traditional radiotherapy and chemotherapy, 

which cause a lot of pain to patients. MOFs are synthesized using various metal ions and 

organic linkers such as carboxylates, phosphonates, and sulfonates. Repetitive metal ions 

act as knots to bind organic binders, and it creates a lattice-like structure. In recent years, 

MOFs have been studied in drug delivery system because of their biocompatibility, 

tunable composition, editable surface, and exceptionally high drug loading capabilities. 

Drugs can be enclosed in cages with MOF matrices. These drugs can circulate in vivo 

with good stability within MOFs without interacting with healthy tissues (Ding, Liu, and 

Gref 2022). MOFs have attracted attention in various fields, especially in the field of 

medicine. They owe this to their high drug storage capacities and porosity, variable pore 

sizes, and easy modification as drug delivery systems. They have a crystal structure, high 
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porosity and a certain surface area. They can be composed of different metal ions and 

organic bridging ligands and have easy-to-design structures. The σ single bond in the 

organic ligand structure gives MOFs a certain degree of flexibility to have characteristic 

functions and the structure is easy to change. MOFs have come to the forefront with their 

performance in adsorption, separation, catalysis, sensing and drug delivery, and wide 

application prospects. These properties have been used to design MOFs that minimize 

non-specific distribution of drugs, reduce toxicity in healthy cells, and increase treatment 

efficacy. Divalent metal ions such as Mn2+, Co2+, Cu2+ and Zn2+ are often used to form 

MOFs. Generally, when drug-loaded MOFs are stimulated with a certain pH or 

temperature, the weaker coordination bond is broken, and the drug is released. 

Monovalent ions such as Cu+, Ag+ and K+ are also used to form MOFs. They are very 

sensitive to light, heat or water and this weakens their stability. MOFs formed with 

trivalent metal ions such as Cr3+, Fe3+, Al3+ and oxygen-containing ligands (mainly 

carboxylic acids) generally have high chemical and thermal stability. The preparation of 

these MOFs usually requires acid and very high reaction temperature. Tetravalent metal 

ions such as Zr4+ and common oxygen-containing ligands form coordination bonds with 

more covalent components and the reaction conditions are more severe. Given the 

stability of the coordination bond between metal ions and organic ligands and the 

designability of organic ligands, carboxylate and pyridine ligands are often used to 

synthesize MOFs. Polyazole molecules such as imidazole and pyrazole, which can 

remove a proton to form an anionic multi-terminal ligand, have the advantages of 

carboxylate and pyridine ligands (Q. Wang et al. 2020).  

Common nanoMOFs studied were designed using Materials of the Institute 

Lavoisier (MIL), Zeolitic Imidazolate Frameworks (ZIFs), Porous Coordination 

Networks (PCNs), and University of Oslo (UIO) materials. In terms of toxicity, the 

currently most investigated nanoscale MOFs are MIL-100(Fe), ZIF-8 (Zn), and UiO 66 

(Zr) (Ettlinger et al. 2022).  

Various synthesis methods that allowed the formation of different MOFs affected 

their drug loading capacity. Various techniques have been developed and employed, such 

as the solvothermal synthesis approaches, the sonochemical method, microwave-assisted 

chemistry, electrochemical synthesis, mechanochemistry, and flow chemistry method 

(Huiyuan Zhang et al. 2018; Abánades Lázaro, Wells, and Forgan 2020; Pang et al. 2020; 

J. Lu et al. 2021; Yang et al. 2021). Various strategies have been proposed to encapsulate 

drugs within MOFs. While drugs act as organic binders of MOFs, they can be 
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encapsulated into MOFs by solvent impregnation or solvent-free methods, such as the 

one-step method, multi-step method, high-pressure encapsulation method, and 

mechanochemical method. In addition to drugs, amino acids, peptides, proteins, 

nucleobases, saccharides, porphyrins were also used as constructive organic binders. 

These have coordination functions with metal ions to form MOFs. A variety of nanosized 

MOFs were engineered from non-toxic metals (Fe, Zn, K, etc) and organic ligands 

(carboxylates, phosphonates, sulfonates, etc) and displayed controlled size distribution, 

high porosity, biocompatibility, and biodegradability. Besides the above-mentioned 

intrinsic advantages, various drugs and imaging contrast agents can be (co)loaded in the 

porous MOF structures, thus expanding their applications in drug delivery system. 

Nanoscale MOFs attract growing interest in the drug delivery area, due to their flexible 

composition, large surface areas, degradability, and versatile surface properties (Ding, 

Liu, and Gref 2022). 

The one-step encapsulation method, also called the one-pot method, is the simple 

strategy to achieve simultaneous drug loading and MOF synthesis (Paseta et al. 2015). In 

2012, Liédana et al.was mixed 2-methyl imidazole (2-MeIm), zinc nitrate and caffeine in 

methanol and water using one-step encapsulation method for MOF synthesis. The drug 

was loaded with high efficiency due to hydrogen bonds and van der Waals interactions. 

This study highlighted the advantage of the one-step encapsulation method (Liédana et 

al. 2012).  

Once the drug molecules are incorporated within their MOF carriers, they 

experience host (drug) - guest (MOF) interactions such as, with increasing intensity, van 

der Waals forces, hydrogen bonding, coulombic forces, and coordination bonds (H. Cai, 

Huang, and Li 2019). The host-guest interaction can be affected by environmental factors 

such as temperature, light, or competitive guest binding (Antoniuk and Amiel 2016).  

The host MOF must degrade in the biological environment to release its cargo to 

the target site, and the drug release process depends on the stability of the host MOFs, the 

solubility of the guest molecules, and their localization and aggregation within the MOF 

(di Nunzio et al. 2014; Bruneau et al. 2019; X. Li et al. 2021; Velásquez-Hernández et al. 

2021).  

Drug-responsive release triggered by endogenous (ie, pH, redox) and exogenous 

(ie, light, temperature, magnetic field) stimuli was studied (Bruneau et al. 2019; W. Cai 

et al. 2019). The pH-triggered mechanism is the most studied. Leveraging the acidic 

tumor microenvironment and the acid sensitivity of MOFs, drug delivery system is 
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designed to release the drug specifically at the tumor site (Mura, Nicolas, and Couvreur 

2013). Zheng et al. reported that doxorubicin (DOX) release is closely related to the 

degradation of ZIF-8 (H. Zheng et al. 2016). Drug release and degradation are closely 

related to the size and surface properties of the nano-MOFs. The study confirmed that the 

release of DOX under acidic conditions is associated with the dissolution of the upper 

layers of ZIF-8, which acts as the protective shell around DOX@ZIF-8 (Ding, Liu, and 

Gref 2022).  

In other studies, it was demonstrated that not only pH, but drug loading can play 

an effect on drug release (di Nunzio et al. 2014). It was encapsulated in MIL100 (Fe) 

nanoMOFs at different payloads. Release was very low at the highest loading, whereas it 

was fast at the lowest loading. In contrast to the situation described as the cause of drug 

aggregation within MOF lattices and forming aggregates, aggregates were found to 

stabilize the MOF matrix upon degradation. It forms aggregates in DOX and similar 

results were obtained with MIL 100(Fe) (Qiu et al. 2021). The stability of MOFs is 

affected by several variables, including pH, temperature, humidity, solvents, metal ions, 

and biological molecules (Awasthi et al. 2022).  According to studies, ZIF-8 and PCN-

222 were found to be stable in water and to degrade in phosphate buffered saline (PBS) 

and at pH 6, MIL-100, MIL-88, and UiO-66 (Zr) were stable in water and acidic 

conditions but degraded in PBS and basic environments (N. Singh, Qutub, and Khashab 

2021).  

MOFs, whose backbones can be organic (polymeric, liposomal, or proteinaceous) 

or inorganic (metal, non-metallic, or biomimetic), are multifunctional nanostructures. 

Traditional cancer therapeutic approaches have many limitations. The creation of MOFs 

has overcome their limitations such as low aqueous solubility, low selectivity, high 

lethality, and multidrug resistance. A wide range of MOFs can be fabricated for critical 

applications, including separations, gas storage, analytical chemistry, catalysis, sensing, 

energy, imaging, and biomedicine.  Recently, MOFs have been developed as nanocarriers 

of drugs for cancer therapy. These allow tumor detection, screening, and management to 

improve cancer treatment.  It leads to an increase in the amount of MOFs that are taken 

up by cells with their large specific surface area and a high porosity that allows it to come 

into contact with cell membranes. The biofunctionalization of MOFs is an important 

research topic in the field of nanomedicine basic research.  In the last decade, progress 

has been made in biomolecule-metal-organic framework composites, both in the 

identification and treatment of cancer. The development strategies of MOF-based 
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materials for cancer treatment will make it possible to improve survival and quality of 

life and reduce the cost of treatment. In addition, their biocompatibility, large drug 

payloads, and the ability to hybridize with a wide range of functions still make MOFs 

desirable for targeted drug delivery (Tran et al. 2023). 

 

1.4.1. Zeolitic Imidazolate Framework (ZIF)  

 

The biocompatibility of both the metal and the bridging ligand must be considered 

in the development of MOFs, the aim of which is to design carriers that are as less toxic 

as possible in the human body. Some metals such as chromium and nickel are highly 

toxic. The human body contains iron (in plasma), zinc, copper, manganese, and nickel (in 

tissues). It facilitates the selective delivery of anticancer drugs to cancer cells while 

reducing the dose-limiting side effects of most anticancer chemotherapeutics (Huxford, 

Della Rocca, and Lin 2010).  

Conventional drug delivery systems are made from organic or inorganic based 

materials. These systems have problems such as uncontrolled drug release, 

biocompatibility, and cytotoxicity. ZIF hybrid materials may be involved in solving these 

problems (Adhikari, Das, and Chakraborty 2015). Other systems have negative properties 

such as low drug loading capacity, poor biocompatibility, undesirable biodegradability, 

and complex synthesis procedures. Such porous materials, on the other hand, have 

attracted attention to obtain a controllable drug release (K. Lu et al. 2018; W. Cai et al. 

2019). 

ZIFs, a subfamily of MOFs, have properties such as adjustable pore size, large 

surface area, high thermal stability, and biodegradability/biocompatibility. These 

properties make ZIFs excellent candidates for many applications. These applications 

include gas capture, separation, chemical sensors, drug delivery and catalysis. In addition, 

their ability to encapsulate high volumes of therapeutic drugs, proteins or imaging cargoes 

into drug delivery systems makes them attractive for applications in the field of 

biomedicine, drug delivery and biomineralization. The pore size of ZIFs is easily 

adjustable, resulting in tunability of molecular diffusion/mass transfer and loading of 

large cargoes. This property has positively impacted drug delivery. There are various ZIFs 

created. ZIF-8 (2-MeIm and Zn2+), ZIF-67 (2-MeIm and Co2+), ZIF-4 (Zn2+-Im), ZIF-7 

(Zn2+-benzimidazole) and ZIF-90 (Zn2+-imidazole-2-carboxaldehyde) can be given as an 



 18  

example. ZIF-based drug delivery systems have been developed for use in biomedical 

applications such as chemotherapy (CT), photothermal therapy (PTT), photodynamic 

therapy (PDT), antimicrobial applications, development of theranostic nanomedicines, 

and biomimetic mineralization (Maleki et al. 2020). ZIFs consist of tetrahedral 

coordinated transition metal ions such as Fe2+, Co2+, Cu2+, Zn2+, which are connected by 

imidazolate linkers (K. S. Park et al. 2006).  

Structurally, ZIFs are formed by coordination between M2+ cations and imidazole 

(Im) anions. Im acts as a linker between the metal centers of the M(Im)4 tetrahedral units 

(Kaneti et al. 2017). Zn2+, an endogenous metal ion, is widely used to form MOFs.  

The ZIF is a metal-organic framework composed of Zn2+ and imidazole or its 

derivatives, the most widely used drug carrier in Zn-based MOFs. The solution reaction 

method at room temperature, solvothermal method, electrodeposition-solvothermal 

method and microfluidic synthesis method are the synthesis methods of Zn-MOFs (Q. 

Wang et al. 2020). The type of solvent and metal salt during synthesis, the ratio of metal 

salt to Im binder, mixing order of ZIF precursors, and addition of surfactants make the 

crystal size and morphology of ZIFs controllable (Yao, He, and Wang 2015). The green 

and sustainable production of ZIFs under mild synthesis conditions and the use of non-

toxic solvents (Pan et al. 2011) and solvent-free methods (Tanaka et al. 2013; Y.-R. Lee 

et al. 2015) are very important for environmental protection. In 2017, a fast and scalable 

method for the synthesis of hierarchical ZIFs, such as ZIF-8 and ZIF-67, and one-pot 

encapsulation of dyes or proteins cargoes using an organic base trimethylamine (TEA) 

was reported by Zou and colleagues. The addition of TEA into the solution of Zn 

(NO3)2·6H2O promoted the formation of ZnO NPs, which rapidly transformed to ZIF-8 

NPs after the addition of the 2-MeIm as a binder (Abdelhamid et al. 2017).  

pH-sensitive MOFs are the most widely investigated. This is due to the acidic 

tumor microenvironment (TME) and the sensitivity of coordination bonds in MOFs to 

external pH. These are termed MOF nanocarriers triggered by external stimuli, single 

stimulus sensitive MOFs or pH sensitive MOFs (Angelos et al. 2009). Developing 

stimuli-sensitive drug delivery systems, especially pH-sensitive drug delivery systems, 

has formed the core of studies to develop sensitive nanosystems for cancer therapy. This 

is due to the pH of the tumor tissue (pH 5.5-6.0), which is more acidic than blood and 

normal tissues (pH 7.4) (J. Liu et al. 2014).  

Among MOFs, ZIFs are most frequently studied as drug delivery systems due to 

their biocompatibility at low concentrations, ease of synthesis, and pH response 
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properties. They are of particular interest as pH-sensitive drug carriers due to their high 

drug loading ability and biodegradability. While ZIFs can remain stable in water and 

aqueous NaOH, their frameworks rapidly degrade in acidic solutions and therefore their 

pH sensitivity may contribute to the development of ZIF-based drug delivery systems.  

Cancer cells have more acidic microenvironments compared to normal cells, 

making ZIF nanosystems containing anticancer drugs suitable for the realization of 

tumor-specific target therapy. This specificity in targeting cancer cells is due to the unique 

ability of zeolite to break down under acidic conditions created by the tumor 

microenvironment. ZIF-8, formed by copolymerization of Zn with 2-MeIm, is frequently 

used in studies on the transport of DNA, proteins, and drugs.  

Recently, interest in investigating the effectiveness of zeolites and ZIFs in pre-

existing anticancer drugs has increased, and numerous studies have been and continue to 

be conducted. Various studies show that ZIFs have great potential for targeted and 

controlled delivery of anticancer drugs to tissues and organs and can be achieved 

successfully. For this reason, it is recommended to use ZIFs containing anticancer drugs 

as a treatment option to increase the effectiveness of cancer treatment by reducing the 

disadvantages of drugs within the scope of traditional treatment options (Hao et al. 2021). 

ZIFs, particularly ZIF-8, have been investigated for cancer ablation both in vitro and in 

vivo as nanocarriers (Sun et al. 2012; Zheng et al. 2015; M. Gao et al. 2019). 

 

1.4.1.1. ZIF-8 

 

ZIF-8 is an important subgroup of ZIF nanomaterial, which is formed by the 

coordination of Zn2+ and nitrogen (N) atom on the 2-MeIm ring, with features such as 

high porosity, easy modification, certain thermal and chemical stability, low toxicity, and 

excellent biocompatibility. In Figure 1.3, ZIF-8 is shown in a framework type sodalite 

(SOD) structure. Black dots represent carbon atoms, green dots represent nitrogen atoms, 

blue polyhedrons represent Zn ions, and the yellow sphere represents the largest van der 

Waals sphere at the center of ZIF-8  (K. S. Park et al. 2006).  
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Figure 1.3. The stick diagram (left) and as a tiling (center) of ZIF-8. The largest cage 

(right) in ZIF-8 (K. S. Park et al. 2006) 

 

ZIF-8 can be used as a pH sensitive drug delivery system of small molecules, anti-

cancer and antibacterial drugs. The reason why ZIF-8 is pH sensitive is that acidic 

conditions can protonate organic ligands, leading to cleavage of the Zn+-imidazolium ion 

coordination bond and cleaving its skeleton to release the drug. This property allows ZIF-

8 to release drugs in the acidic environment of the tumor (Q. Wang et al. 2020). Decreased 

drug efficacy results from poor drug stability and non-specific targeting. These are 

associated with the direct use of therapeutic drugs. Generally, high doses of drugs cause 

side effects. The main goals and tasks of nanomaterial drug delivery are to stabilize the 

drug by encapsulation or surface binding, to promote cellular internalization, and to 

control the release of the drug at the designated target. ZIF-8 nanoparticles (ZIF-8 NPs) 

have properties such as the nanoparticles remain firm under neutral conditions and 

undergo rapid degradation in low pH environments due to the effects of drug-releasing 

protonation in the tumor with pH between about 5.0 - 6.5. These features allow ZIF-8 to 

be considered as a suitable delivery vehicle (X. Chen et al. 2018). The pH-triggered 

activation of ZIF-8 is attributed to the protonation of imidazole, resulting in the 

disassembly of ZIF-8 (K. S. Park et al. 2006). ZIF-8 is widely used for pH-sensitive drug 

release. Its enhanced drug loading capacity and pH sensitive drug release ability are due 

to its acid sensitivity and pores (Ren et al. 2014).  

The size of ZIF-8 particles is also important for drug release. Research by 

Velásquez-Hernández et al. showed that the rate of degradation of ZIF-8 particles in PBS 

is related to their size, indicating that the smaller the size, the faster the degradation rate 

of ZIF-8 particles and the faster the release of the charged drug (Velásquez-Hernández et 

al. 2019). For N-donor ligands, which provide high thermal and chemical stability, one 

of the most stable bonds is the bond between imidazole (Im) and Zn2+. Besides the high 
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structural stability, ZIF-8 has a high specific surface area of about 1630 m2g−1 and 

micropore volume of 0.636 cm3g−1 with large micropores (11.6 Å in diameter) connected 

through small apertures (3.4 Å) (Y. J. Kim et al. 2021). Various applications of ZIF-8 as 

a nanocarrier in drug delivery systems are shown in Figure 1.4 (S. Feng et al. 2021).  

 

 

 

 

 

 

 

Figure 1.4. Applications of ZIF-8 as nanocarrier in drug delivery 

 (S. Feng et al. 2021) 

 

Studies have been conducted and published on the successful encapsulation of 

various drugs into ZIF-8. According to their solubility, drugs are divided into 

hydrophobic drugs, hydrophilic drugs, and amphiphilic drugs. A simple one-pot method 

for encapsulating hydrophobic drugs into ZIF-8 was proposed by Zheng group (H. Zheng 

et al. 2016). As shown by various studies in the literature, ZIF-8 can encapsulate 

hydrophobic, hydrophilic, and amphiphilic drugs.  

Physcion is a natural hydrophobic compound that was successfully encapsulated 

into ZIF-8 by the one-pot method with high drug loading (11.49%) and encapsulation 

efficiency (88%). Physcion@ZIF-8 showed high antibacterial activity against gram-

positive and gram-negative bacteria and loading of Physcion onto ZIF-8 proved to be 

beneficial in drug delivery (Soomro et al. 2019). The hydrophobic zinc(II) phthalocyanine 

(ZnPc) molecule is encapsuled in the pores of ZIF-8. ZnPc@ZIF-8 nanoparticles, whose 

synthesis is carried out in a single step, have excellent luminescence intensity and 

photodynamic activity against the HepG-2 cancer cell line (Xu et al. 2018). Encapsulation 

of curcumin (CCM), a hydrophobic drug, into ZIF-8 exhibits high drug encapsulation 

efficiency (88.2%) while possessing good chemical stability and rapid drug release in the 

tumor environment (Zheng et al. 2015).  

Sun et al. have studied the in vitro delivery of anticancer drugs in ZIF-8. The first 

example of the application of ZIFs in drug delivery systems, the anticancer drug 5-

Fluorouracil (5-Fu), was loaded into the drug delivery system ZIF-8. In vitro experiments 
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were carried out. It showed that 5-Fu loaded ZIF-8 provided faster drug release in acetate 

buffer and was able to release more than 85% within 12 h (Sun et al. 2012). 

Biological research and studies were continued with the encapsulation of 

molecules such as DOX, rhodamine B, methyl orange and methylene blue into ZIF-8, 

which was synthesized by the one-pot method (H. Zheng et al. 2016). Caffeine, an 

amphiphilic compound, was encapsulated in ZIF-8. One-step encapsulation successfully 

resulted in controlled release of caffeine over 27 days and high drug loading of 

approximately 28% by weight (Liédana et al. 2012).  

Other molecules are cytochrome c (Cyt c) enzyme (C. Zhang et al. 2017), 3-

methyladenine (3-MA) (X. Chen et al. 2018), insulin (Duan et al. 2018), and protein 

(Liang et al. 2018), CpG oligodeoxynucleotides (ODNs) (Huijie Zhang et al. 2017), 

melittin (MLT) (Y. Li et al. 2018), ceftazidime (Sava Gallis et al. 2019), in addition to 

these, anticancer molecules such as camptothecin (CPT) (Zhuang et al. 2014), and 6-

Mercaptopurine (6-MP) (Kaur et al. 2017) were also encapsulated in ZIF-8.  

Although there are extensive studies on its applications in cancer diagnosis and 

treatment, the most interest in the research area has been to ZIF-8. The various 

applications of ZIF-8 are mainly due to the easy polymerization of Zn2+ and 2-MeIm 

around various objects. Drugs, nanoparticles, and bio-macromolecules can be 

incorporated into these objects, making them multifunctional while maintaining the 

structural crystallinity and porosity of the ZIF shell (Maleki et al. 2020). The poor 

biodegradability of some materials limits their development. For this reason, more 

biodegradable and biocompatible ZIF-8 materials need to be developed (Q. Wang et al. 

2020).  

Zn ions released from ZIF-8 can increase the regulatory efficiency of gene 

expression while acting as a cofactor for the enzymatic cleavage reaction. Zn is 

considered a highly biocompatible metal ion. The toxic effect of ZIF-8 in cancer cells is 

more pronounced than in normal cells. The toxicity of ZIF-8 is due to released Zn ions, 

whereas cancer cells take up more Zn ions due to increased permeability. Zn ions have 

been reported to have a Fenton-like reaction with highly expressed hydrogen peroxide 

(H2O2) in cancer cells, resulting in increased Reactive Oxygen Species (ROS) production 

and a stronger killing effect on cancer cells (Xie et al. 2022).  

TP53 (or p53), the most frequently mutated gene in human cancers, is critical in 

preventing cancer development. The p53 gene is a tumor suppressor that plays a role in 

maintaining genome integrity by regulating cell cycle progression, apoptosis, senescence, 
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DNA repair and cell metabolism in mammals. Approximately 30% of all breast cancers, 

and for HER2-positive subtypes, the rate of p53 gene mutations reaches 70% (Fedorova 

et al. 2020). Zn forms a functional component of various proteins that contribute to gene 

expression and regulation of genetic activity. It protects against UV, improves wound 

healing, contributes to immune and neuropsychiatric functions, and reduces the risk of 

cancer and cardiovascular disease. Zn inhibits the oxidation of the oxidized inactivated 

p53 tumor suppressor gene. In other words, it prevents p53, an antioncogenic and 

apoptotic gene, from being inactivated as oxidized (Belgemen and Akar 2004).  

There are studies showing that a certain level of Zn is important in the treatment 

of breast cancer during the formation of cancerous cells and that Zn accumulates in 

cancerous areas in the breast tissue and reduces the progression and risk of cancer 

(Kaczmarek et al. 2012). One article was reported that Zn enhances the pro-survival signal 

in vitro (Y.-M. Kim et al. 2006). In addition, Zn has been reported to inhibit caspases in 

vitro (Velázquez-Delgado and Hardy 2012). Caspases is a family of endoproteases that 

link in cell regulatory networks that control inflammation and cell death (McIlwain, 

Berger, and Mak 2013).  

Zn is an essential mineral and is a cofactor for more than three hundred enzymes. 

It is involved in numerous signaling pathways important for cell proliferation and 

differentiation, cell cycle regulation, apoptosis, and redox regulation. There are reports in 

the literature about Zn and the risk of breast cancer. However, the effect of Zn on breast 

cancer survival and its role are not clearly known, and possible biochemical mechanisms 

are still discussed (Bengtsson et al. 2022).  

 

1.5. Encapsulation of Lapatinib in Literature 

 

There are successful examples of encapsulation of lapatinib in different drug 

delivery systems in the literature. In the study investigating polymer-lipid hybrid 

nanoparticles for lapatinib delivery in breast cancers, it was noted that the nanoparticles 

effectively killed MCF-7 cancer cells and triggered their apoptosis, compared to free 

lapatinib. Lapatinib-loaded hybrid nanoparticles have been shown to have great potential 

to achieve therapeutic effect in breast cancer treatment (Huo et al. 2015).  

In the study aiming to evaluate lapatinib-loaded polymeric micelles for breast 

cancer treatment, Lyophilized lapatinib-loaded polymeric micelles exhibited sustained 
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drug release and high cytotoxicity against SKBR-3 breast cancer cells. Moreover, it 

induces effective inhibition of tumor growth in vivo compared to free lapatinib, indicating 

the great potential of lapatinib-loaded polymeric micelles for breast cancer treatment 

(Gunjan Vasant et al. 2020).  

The development of lapatinib-loaded human serum albumin nanoparticles with 

nanoparticle albumin-bound technology offers the opportunity to use lapatinib in the 

treatment of brain metastases of TNBC. Results such as effective inhibition effects of 

lapatinib-loaded human serum albumin nanoparticles in treatment, anti-tumor activity, 

and significantly prolonging the median survival of brain metastatic mice clearly revealed 

that lapatinib-loaded human serum albumin nanoparticles may be a promising candidate 

for clinical applications against brain metastasis of TNBC (Wan et al. 2016). 

In the study in which lapatinib was loaded into exosomes as a nanocarrier, it was 

observed that lower doses significantly reduced the cellular proliferation of SKBR-3 cells 

compared to free lapatinib treatment. As a result of the analysis, lapatinib-loaded 

exosomes showed a high apoptotic rate, increasing the effectiveness of the drug. As a 

result of the study, it was noted that the use of exosomes in drug delivery approaches is 

an effective treatment method and can increase the therapeutic index of chemotherapeutic 

drugs (Değirmenci et al. 2022).  

In the study where dextran sulfate-chitosan nanoparticles were used as drug 

carriers, lapatinib encapsulated nanoparticles were developed. Methyl-thiazolyl-

tetrazolium (MTT) assay showed that the drug-loaded nanoparticles have effective 

anticancer activity, while dextran sulfate-chitosan nanoparticles can retain and release 

lapatinib in a controlled manner and act as a suitable drug carrier in cancer treatment 

(Mobasseri et al. 2017).  

Self-assembled nanocolloidal lapatinib-loaded polymeric micelles were 

produced. Encapsulation of lapatinib into micelles increased its cytotoxicity against 

SKBR-3 breast cancer cells. Study findings demonstrate the increasing potential of 

nanocolloidal polymeric micelles as promising carriers for delivery of lapatinib to tumors 

(Bonde et al. 2020).  

Another study showed that in multidrug-resistant breast cancer, the production of 

chitosan-coated PLGA nanoparticles providing the combination of paclitaxel and 

lapatinib had effective cytotoxicity against BT-474/TR cells. This suggests that it may be 

one of the promising formulations in the treatment of MDR1-mediated chemoresistance 

in HER2-positive breast tumors (Pitchika and Sahoo 2022).  
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Lapatinib-loaded gold nanorods, synthesized to combine photothermal and 

pharmacological activities, showed photothermal activity. The combined application of 

laser irradiation and lapatinib-loaded nanorods yielded higher anticancer activity against 

HER2-positive SKBR-3 breast cancer cells compared to monotherapies (Papaioannou et 

al. 2023).  

Lipid-based nanoparticles were designed to combine lapatinib with siRNA 

directed against the apoptosis inhibitor protein Survivin (siSurvivin) in an injectable form. 

It is a nanosystem consisting of chitosan grafted via transacylation reaction and lipid 

nanocapsules coated with a cationic polymeric shell. Cytotoxicity studies confirmed that 

lipid-based nanoparticles was not toxic to cells at the concentrations tested. The findings 

suggested that the developed lipid-based nanoparticles could potentiate the anti-cancer 

activity of anti-Survivin siRNA and lapatinib (Eljack et al. 2022). 

 

1.6. Encapsulation of Lapatinib into ZIF-8 (LAP@ZIF-8) 

 

Lapatinib, a TKI, is limited in use for some toxicity reasons. These reasons are 

due to its extensive albumin binding capacity, poor aqueous solubility, poor 

bioavailability, high binding affinity to blood proteins, and high dose. The fabrication of 

delivery systems such as nanoparticles, micelles, nano capsules, nanochannels and 

liposomes contribute to solving these challenges. The development of active/passive 

targeting via non-oral routes and the formulation of a nanocarrier drug system with fewer 

side effects due to the side effects of conventional lapatinib therapy are needed in the 

pharmaceutical field in breast cancer treatment (Bonde et al. 2018).  

Various study results show that, thanks to its pH sensitivity, ZIF-8 can selectively 

release small molecule drugs in an acidic environment, thereby providing controlled 

release of drugs, indicating that ZIF-8 is an excellent drug delivery system (Q. Wang et 

al. 2020). 

One of the MOFs, ZIF-8, is a potential carrier for anticancer drugs. The pore 

opening of ZIF-8 is 3.4 Å in diameter and the pore gap is 11.6 Å in diameter. Therefore, 

large molecules cannot enter the pores. However, post-synthesis approaches result in low 

loadings and rapid or poorly controlled release of molecules. Various post synthetic 

approaches have been developed, such as preparing hollow ZIFs and adsorbing molecules 

to outer surfaces. These approaches are meant to overcome limitations. The method that 
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enables the incorporation of the molecule and nanoparticles into the MOF crystal at the 

same time is the one-pot method. This method is an approach combining MOF synthesis 

and molecule encapsulation. High loading is obtained with the one-pot synthesis method 

(H. Zheng et al. 2016).  

A pH sensitive drug delivery system that releases drugs only in the cancer/tumor 

region, not in the general circulation, that is, in a healthy environment, will reduce the 

systemic side effects of chemotherapy and will continue to be desirable for cancer 

treatment (Helmlinger et al. 1997). 

 

1.7. The Aim of This Thesis 

 

The aim of this thesis is to develop and characterize a biocompatible, 

biodegradable, pH-sensitive, cytotoxic nanoparticle system for the treatment of breast 

cancer and to examine the in vitro biological effects of the developed nanosystem. The 

nanoscale size of the system to be created will ensure effective drug transport into the 

cells. At the same time, this study aims to improve lapatinib's low water solubility, its 

effectiveness decreasing before reaching the relevant area, and many side effects it causes 

in biological systems. It is aimed to make the treatment more economical and reduce the 

side effects of the drug, thanks to the less use of lapatinib, which has a high cost. 

For these purposes, LAP@ZIF-8 nanoparticle will be synthesized by 

encapsulating the drug lapatinib, a small chemotherapeutic molecule, into the ZIF-8, a 

member of the metal organic framework family, as a drug delivery material. ZIF-8, which 

is used in the literature to encapsulate different drug active ingredients such as DOX, 5-

FU and 6-MP, will be used as the carrier system in which lapatinib is encapsulated for 

the first time in this study. The synthesized LAP@ZIF-8 nanoparticle will be 

characterized by measuring Scanning Electron Microscope (SEM), Energy Dispersive X-

ray spectrometer (EDX), Fourier-Transform Infrared (FTIR) spectroscopy, X-ray 

Diffraction (XRD), Thermal Gravimetric Analysis (TGA), Dynamic Light Scattering 

(DLS) and Zeta potential, and measurements will be taken using ultraviolet-visible (UV-

vis) spectrometer to determine the amount of lapatinib loaded on ZIF-8. Cytotoxic effects 

of LAP, ZIF-8 and LAP@ZIF-8, for which biocompatibility and release experiments will 

be performed, will be investigated on breast cancer cell lines SKBR-3 (HER2-positive 

breast cancer cell line) and MCF-7 (HER2-negative breast cancer cell line).  
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CHAPTER 2 

 

METHODS AND MATERIALS 

 

2.1. Materials 

 

All chemicals used in the experiments are presented in parentheses for each 

chemical in the method sections. Additionally, details of the preparation of the solutions 

used are presented in Appendix A. 

 

2.2. Methods 

 

2.2.1.    Synthesis of ZIF-8 and LAP@ZIF-8 

 

ZIF-8 (C8H10N4Zn) nanoparticles were synthesized by one-pot method and this 

synthesis was carried out with Zn2+:2-MeIm: H2O molar ratio of 1: 70: 1238 (Pan et al. 

2011; Kaur et al. 2017). 58.5 mg of Zn(NO3)2.6H2O (zinc nitrate hexahydrate) was 

weighed (Radwag AS 82/220.X2 analytical balance) into a vial and dissolved with 0.4 

mL of deionized water. 1135 mg of 2-MeIm (C4H6N2, Sigma-Aldrich) was weighed into 

another vial and dissolved with 4 mL of deionized water. The linker solution was stirred 

(DLAB MS-H-S-10 stirrer) magnetically until completely dissolved in deionized water, 

and then 0.6 mL of dimethyl sulfoxide (DMSO, HoneyWell) was added into it. Zinc 

nitrate solution was then added to the linker solution, immediately forming a milky white 

solution. The mixture was stirred at room conditions for approximately 15 min. At the 

end of mixing, the solution was transferred to eppendorfs and centrifuged (DLAB 

D2012Plus centrifuge) at 13500 rpm for 15 min to form a white precipitate. For unreacted 

substances, the solution was washed three times with 30% ethanol (TekkimLab). At the 

end of washing, the solution was allowed to dry and ZIF-8 nanoparticles, which appeared 

as white powder, were obtained.  

For the synthesis of LAP@ZIF-8, similar synthesis steps were applied with the 

ZIF-8 nanoparticle synthesis method. It was prepared using various amounts (0.75 – 1.5 
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– 3 – 5 mg of lapatinib) for the optimization of LAP@ZIF-8. In this study, lapatinib is 

used in the form of lapatinib ditosylate. It was purchased from Xi’an Ruixi Biotechnology 

Co., Ltd (Xi’an, China). Lapatinib was dissolved in DMSO and added to 2-MeIm 

solution. Afterwards, this mixture was added to the dissolved zinc nitrate and the solution 

was stirred. Other steps were performed as in ZIF-8.   

 

2.2.1.1. The Synthesis Yield of ZIF-8 

 

The yield of ZIF-8 was defined as the ratio of the amount of solid product obtained 

from synthesis mixture to the maximum possible amount of ZIF-8 that can be produced 

from synthesis mixture if all limiting reactant is consumed. The synthesis yield value of 

the ZIF-8 was calculated using the amount obtained as a result of the synthesis, and the 

following formation reaction of ZIF-8: 

 

Zn(NO₃)₂•6H₂O + C4H6N2   →  C8H10N4Zn      

 

2.2.2.    Characterization of ZIF-8 and LAP@ZIF-8 

 

2.2.2.1. Encapsulation Efficiency and Drug Loading 

 

The nanoparticles were synthesized, and encapsulation efficiency and drug 

loading were determined by gravimetric method using UV-vis spectrometer (Shimadzu-

UV-2550, Japan and PekinElmer LAMBDA Bio+). Supernatants were collected during 

the washing step of the synthesis of LAP@ZIF-8. To determine the drug loading 

efficiency, the supernatant was analyzed by UV-vis spectrometer at a wavelength of 270 

nm (max absorbance of lapatinib) (Taskar et al. 2012).  

The calibration curve shown in the Figure 2.1 was drawn using the absorbance 

values at 270 nm obtained as a result of the measurement and 2.5 - 80 µg/mL lapatinib 

concentrations in DMSO by using UV-vis spectrometer. The equation obtained from the 

calibration curve was used to calculate the amount of lapatinib encapsulated. 
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Figure 2.1. The calibration curve of lapatinib 

 

The amount of lapatinib encapsulated into the nanoparticle was determined by an indirect 

method. Free lapatinib was determined by the UV-vis spectrophotometric method in the 

supernatant after three wash cycles. Supernatant concentration calculation was calculated 

using Equation 2.1 and 2.2. 

 

Y(absorbance) = 0.0226 × X(concentration) – 0.0459                                                               (2.1) 

 

Equation 2.2 (Cs: supernatant concentration, V1: taken volume of lapatinib supernatant, 

C2: concentration found by using Equation 2.1 - X(concentration) , V2: taken DMSO volume 

to dilute it) was used to determine the concentration of the supernatant used with the 

X(concentration)  value found using supernatant absorption. The concentration of the prepared 

solution was calculated by using Equation 2.3, where C1 is lapatinib stock concentration 

(mg/mL), V1 is the lapatinib volume taken for synthesis, C2 is prepared solution 

concentration and V2 is total synthesis volume. The amount of lapatinib encapsulated was 

calculated using Equation 2.4.  

 

C(supernatant) × V1 = X(concentration) × V2                                                                             (2.2) 
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C1 × V1= C(prepared solution concentration)  × V2                                                                          (2.3) 

 

Amount of lapatinib encapsulated = C(prepared solution concentration)  − C(supernatant)                        (2.4) 

 

Encapsulation efficiency (EE%) and drug loading (DL%) were calculated based on 

Equations 2.5 and 2.6, respectively (Levit, Yang, and Tang 2020). 

 

 

EE % =
 Amount of lapatinib encapsulated

Amount of the prepared solution of lapatinib
 ×  100 %                                         (2.5) 

 

DL % =
Amount of lapatinib encapsulated

Total amount of nanoparticle
 ×  100 %                                                       (2.6) 

 

 

2.2.2.2. Structural Analysis 

 

The shape, size, size distribution, structure and crystallinity, composition, and 

surface charge of the nanoparticles to be used in the study were analyzed and their 

characterization properties were determined. Colloidal size and surface (DLS and Zeta 

potential), microscopic (SEM), spectroscopic (EDX, ERD, FTIR) and thermodynamic 

(TGA) characterization techniques were used.  

DLS (DLS Nano Particle Size Analyzer, Particulate Systems – NanoPlus) analysis 

is based on the diffusive motion of particles in solution, where larger particles move 

slower and smaller particles scatter more light. The hydrodynamic diameter measured by 

DLS shows how the particle moves in the liquid.  

Zeta potential (ζ-potential) occurs between the particle and the liquid in which the 

particle is located. It is affected by the surface structure of the particle and the content of 

the liquid it is in. The charge on the nanoparticle surface depends on the solution pH, and 

since the hydrogen ion (H+) is the potential determining ion in many systems, the zeta 

potential varies with the pH of the liquid in which the particle is located. While the 

numerical magnitude of the zeta potential indicates the stability of the sample, its sign 

indicates whether positive or negative charges predominate on the surface. Nanoparticles 

with a zeta potential value of 0-5 mV tend to cluster or come together, while nanoparticles 

with a zeta potential value of 5-20 mV are minimally stable. Nanoparticles with a zeta 
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potential value of 20-40 mV are moderately stable, while nanoparticles with a zeta value 

potential of 40 mV and above are extremely stable. The size distribution and potential of 

the nanoparticle in the aqueous environment was determined by using Zeta Potential 

Analyzer (Particulate Systems - NanoPlus).  

The dimensions of the nanoparticles were determined by SEM (FEI QUANTA 

250 FEG) measurement.  Based on the principle of scanning the particle surface with 

high-energy electrons focusing on a very small area, information about the particle size 

and arrangement of the particles is obtained from the images obtained at both micro and 

nano scales in SEM. The images obtained by SEM analyzes gave information about the 

structural properties of the nanoparticle (such as porosity, layer thickness, morphology) 

(Ateş 2018). 

 EDX (FEI QUANTA 250 FEG) spectroscopy was used to determine the 

elemental composition of nanoparticles. EDX is based on the creation of characteristic 

X-rays that provide information about the presence of elements in the samples to be 

examined. EDX is used together with SEM. Near-surface element contents of 

nanoparticles can be determined quantitatively and qualitatively, and mapping can be 

done by analyzing their amounts in different locations (Scimeca et al. 2018).  

The degree of crystallinity and impurity of the nanoparticles were determined by 

XRD (Philips X'Pert Pro diffractometer - Royal Philips Electronics, Amsterdam, The 

Netherlands) device measurement. It is an analytical technique that provides information 

about various crystal forms or phases in the structures of solid and powder samples. In 

the XRD device, the produced X-rays are refracted after being directed to the sample and 

the refracted rays are determined and counted. The sample is not destroyed in the analysis 

performed using a very small amount of sample.  

Functional groups in nanoparticles were examined by FTIR (PerkinElmer 

Spectrum Two FTIR Spectrometer), spectroscopy analysis. The bonds and functional 

groups in the nanoparticle structure are characterized by FTIR, which is based on the 

principle of vibrational movement of the bonds in the structure due to the interaction of 

infrared light with a substance with a dipole moment (Ateş 2018).  

Thermal stability of nanoparticles was examined by TGA (Perkin Elmer Diomand 

TG/DTA). In TGA, changes in the mass of the sample are measured as the temperature 

is increased.  
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2.2.2.3. Drug Release Study 

 

Tumor cells have an acidic pH due to their rapid metabolism and anaerobic 

respiration. ZIF-8 has been shown to dissociate in acidic buffer by Xin-Long Wang and 

colleagues (Sun et al. 2012). This encourages current drug release kinetics to control at 

pH 5.5, which mimics the inner environment of tumor cells; where, controlled 

decomposition of ZIF-8 supported by acidic pH liberates lapatinib. In addition, release 

studies were performed at physiological pH 7.4. Dynamic membrane dialysis method was 

used to investigate the in vitro release properties of the nanoparticle. The dialysis 

membrane technique is a widely used technique to evaluate drug release from nanosized 

carriers, as summarized in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Schematic representation of the dialysis membrane method 

 (Gómez-Lázaro et al. 2024) 

 

This technique is based on placing a free drug in a dialysis container that acts as 

a dialysis membrane and release medium, passing a free drug through the membrane 

while nanoparticles are retained and determining the drug released from there. Generally, 

the dialysis membrane volume (usually 1-10 mL) must be smaller than the release 

medium (usually 40-500 mL) to ensure diffusion of the drug under sink conditions 

(Gómez-Lázaro et al. 2024). Dialysis membrane (MWCO 14000 Dalton, 34mm, TX0111, 

BioBasic) was used in the release study. Consequently, the release kinetics were 

investigated in PBS at pH = 7.4 and 5.5 at physiological temperature (37°C). Firstly, 6 

mg of the LAP@ZIF-8 was dispersed in 2 mL of PBS (pH 5.5 or 7.4) by using sonicator 

(Elma - Ultrasonic Cleaners - Elmasonic S). The solution was transferred into the dialysis 

membrane and immersed in container containing 40 mL pH 5.5 or pH 7.4 of PBS. Then, 
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shaking was performed with a stirrer at 37°C. Samples were taken at certain time intervals 

and lapatinib concentration was measured at 270 nm (maximum absorbance peak given 

by the drug) on a UV-vis spectrometer (PekinElmer LAMBDA Bio+). The cumulative 

release % of lapatinib was calculated according to the following formula (Equation 2.7) 

(X. Feng et al. 2022): 

 

Cumulative Drug Release % = ∑ Mİ M0⁄  × 100 %n
i=1                                                                   (2.7) 

 

where Mi is the amount of lapatinib released from LAP@ZIF-8 at time i and M0 is the 

total amount of loaded drug in LAP@ZIF-8. 

 

2.2.2.4. Biocompatibility Assays 

 

2.2.2.4.1.    Serum Protein Binding 

 

Possible binding of samples to serum proteins was evaluated by analysis using the 

bicinchoninic acid (BCA) Protein Assay Kit (The Pierce, Thermo Fisher Scientific). To 

determine protein binding rates to the drug carrier system, the method applied by Cole et 

al. (Cole et al. 2011) and Semete et al. (Semete et al. 2012) were modified and used. 

Protein standards were prepared using the guidance included in the  

Protein Assay Kit. Absorbance values were read at 595 nm against blank (distilled 

water). Using these absorbance and protein standard values, the bovine serum albumin 

(BSA) standard calibration curve in the Figure 2.3 was drawn.  

Fetal bovine serum (FBS, Gibco): samples were prepared at various ratios (50:50; 

60:40; 70:30; 80:20; 90:10 (v/v - volume per volume) with a total volume of 1000 μL. 

Samples were incubated at 37°C (body temperature) water bath and 150 rpm for 2 h. 

Since it is known that drugs are eliminated from the body in approximately 2 h, the 

incubation period was 2 h. After incubation, the samples were centrifuged at 13500 rpm 

for 15 min.  
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Figure 2.3. BSA standard calibration curve 

 

Reagent A, a carbonate buffer containing BCA reagent, and Reagent B, a cupric 

sulfate solution, which were mixed to make a green colored working solution. After 

centrifugation, 1800 μL of BCA reagent (reagent A + reagent B) (working solution that 

will turn purple after 30 min at 37°C in the presence of protein) was added into 200 μL 

of samples. Samples containing BCA reagent were mixed in water bath at 37°C for 30 

min. Absorbance values were read at 595 nm against blank. Protein determination was 

performed in the supernatant according to the Bradford method (Bradford 1976), and the 

percentage of binding to serum proteins was calculated based on the remaining unbound 

protein in the supernatant. Using the prepared BSA standard calibration curve, the 

amounts of initially added protein and the amount of unbound protein were calculated. 

The amount of unbound protein was subtracted from the amount of initially added protein 

and the amount of bound protein was obtained. The protein binding percentages were 

calculated using Equation 2.8.  

 

 

Protein Binding % =
Concn (Initial protein) − Concn (unbound protein) 

Concn (initial protein)
 × 100%            (2.8) 
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2.2.2.4.2.    Hemocompatibility (Hemolysis) 

 

The damage caused by nanoparticles on erythrocytes was determined by in vitro 

hemolysis assay. To determine the amount of hemolysis, the study of Mayer et al. (Mayer 

et al. 2009) and the method applied by Yallapu et al. (Yallapu et al. 2015), were used.  

Hemolysis caused by samples was evaluated photometrically. Two tubes of blood 

taken into EDTA tubes were centrifuged at 13500 rpm for 15 min to remove plasma and 

leukocytes. This process was repeated three times. The pellet consisting of erythrocytes 

was washed two times with 1x PBS (pH 7.4). Erythrocytes were washed with PBS and 

suspended in PBS to a final concentration of 2%. Samples of varying concentrations (2 

μg/mL, 10 μg/mL ve 20 μg/mL) and erythrocyte suspension were prepared in a 1:1 ratio 

and incubated at 37ºC and 100 rpm for 4.5 h. As positive (100% hemolysis) and negative 

(0% hemolysis) hemolysis controls suspensions of erythrocytes in 1% Triton X-100 (non-

ionic surfactant, Amresco) and PBS were used, respectively. After incubation, all samples 

were centrifuged (NÜVE NF 800R) at 4100 rpm for 10 min and the supernatants were 

used for measurement.  

Free hemoglobin in the supernatant was measured photometrically at 540 nm. 

Hemolysis percentage was calculated using Equation 2.9 (Yallapu et al. 2015).  

 

Hemolysis % =  
Abs (sample)−Abs (negative control)

Abs (positive control)
 × 100%                                      (2.9) 

 

2.2.3.    In Vitro Investigation of Cancer Activity 

 

2.2.3.1. Cell Lines and Culture Medias  

 

SKBR-3 (Figure 2.4), one of the important cancer cell models for HER2-positive 

breast cancers, is one of the most studied breast cancer cell lines in basic research and 

preclinical applications. The SKBR-3 (HER2-positive breast cancer cell line) was chosen 

in this study, as the SKBR-3 genome contains many features of cancer changes such as a 

set of gene fusions and oncogene amplification (Nattestad et al. 2018).  

MCF-7 (Figure 2.5), a breast cancer cell line isolated from a woman in 1970, is 

named after the Michigan Cancer Foundation. The number 7 in MCF-7 represents Soule's 
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seventh attempt to create a cancer cell line. MCF-7 cancer cell line is frequently used in 

breast cancer research (A. V. Lee, Oesterreich, and Davidson 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Morphological appearance of SKBR-3 cells 

 (“SK-BR-3 [SKBR3] - HTB-30,” n.d.) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Morphological appearance of MCF-7 cells 

 (“MCF7 - HTB-22,” n.d.) 

 

This study was performed using breast cancer cell lines SKBR-3 and MCF-7, and 

they were obtained from Izmir Institute of Technology - Molecular Biology and Genetics 

department. SKBR-3 and MCF-7 cells were grown in Dulbecco's Modified Eagle's 

Medium (DMEM, Gibco) supplemented with 10% FBS, 1% L-glutamine (Biological 

Industries) and 1% Penicillin-Streptomycin (Biological Industries). Cell culture media 



 37  

are nutrient solutions that provide the microenvironment necessary for cells to maintain 

their normal metabolic activities in a laboratory environment. All cells were cultured at 

37˚C with 5% CO2 in a humidified incubator (NÜVE EC 160 CO2 incubator).  

 

2.2.3.2. Passaging (Subculturing) Cells 

 

Sterilization of the cell culture cabinet (NÜVE MN 090 biosafety cabinet) before 

use was achieved by wiping the interior with the UV light in the cabinet and the prepared 

70% ethanol solution. Growth medium and trypsin were heated in a 37°C water bath to 

be ready for use. The culture medium was changed every time the flask surface reached 

80% confluence, the cells were collected with 0.25% (v/v) Trypsin-EDTA (Gibco) and 

passaged or, in other words, subcultured. To passaging, the old medium was first 

aspirated, and the cells were washed with sterile PBS (amount depends on cell growth 

flask size) to remove Ca and Mg salts. Cells adhering to the surface were removed by 

adding 0.25% (v/v) Trypsin-EDTA (amount depends on cell growth flask size) and 

incubating for 3-4 min at 37°C and 5% CO2. The lifted cells were washed by adding some 

medium, collected in a sterile falcon and centrifuged at 800 rpm for 5 min for the cell 

pellet. After centrifugation, the supernatant was discarded, and the cells were taken with 

new medium and placed in a new flask. This flask was then placed in a 5% CO2 at 37°C 

incubator for growth. 

 

2.2.3.3. Freezing and Thawing Cells  

 

During the centrifugation phase of the cell passaging process, after the cell pellet 

was suspended, 10% FBS and 10% DMSO were added, respectively, and transferred to 

cryotubes. The freezing process was carried out gradually. Cryotubes were frozen at -

20°C for 1-2 hours and then frozen at -80°C.  

The frozen cells in the cryotube were carefully thawed in a 37°C water bath and 

transferred to a sterile falcon. 3-4 mL of cell medium was added and centrifuged at 800 

rpm for 5 min to remove the DMSO it contained. The supernatant was discarded and 

resuspended with 4–5 mL of fresh medium. Suspended cells were transferred to a 25 cm2 

cell culture flask and incubated in a 5% CO2 at 37°C incubator. 
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2.2.3.4. Cells Counting and Checking Their Viability 

 

Trypan blue dye (NutriCulture) test was used to determine the viability and 

number of cultured cells. 100 μL of dye was added to 100 μL of suspended cells. Viability 

and cell number were evaluated under a light microscope using a hemocytometer. For 

this purpose, areas consisting of 4x4 squares on the hemocytometer were counted. Since 

trypan blue dye cannot pass through the living cell membrane, it stains dead cells while 

not staining living cells. Cells that absorbed the dye and appeared blue were considered 

dead, while cells that did not absorb the dye were considered alive. The Equation 2.10 was 

used to calculate the number of cells in 1 mL. 

 

Viable cells/mL = average viable cell count/square x DF x 104                                  (2.10) 

(DF: Dilution Factor) 

 

2.2.3.5. Determination of Cell Viability by MTT Assay 

 

Cytotoxicity of LAP@ZIF-8 against SKBR-3 and MCF-7 cells using MTT 

(GoldBio) was investigated. The MTT test, developed by Mosmann in 1980, is frequently 

used to determine cell viability and proliferation. MTT, the tetrazolium salt used for the 

test, detects live cells but not dead cells. Reduction of tetrazolium salts by gaining 

electrons causes them to transform into a structure called formazan, resulting in a color 

change. The tetrazolium ring can only be broken by active mitochondria, and thus only 

living cells can produce the color reaction. The advantages of the test, which can be used 

to measure cytotoxicity, are that it is fast and accurate and does not contain any 

radioisotopes (Mosmann 1983). The MTT compound is yellow in color, while the formed 

formazan is purple in color and insoluble in water and must be dissolved in a suitable 

solvent to measure the absorbance. It has been shown that it is appropriate to use DMSO 

to dissolve the formazan formed in the MTT test (Denizot and Lang 1986). The MTT (3-

[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay, which determines 

mitochondrial activity and is based on its conversion to formazan crystals by living cells, 

is a calorimetric assay. MTT, yellowish tetrazolium dye, gives a water insoluble (lipid 

soluble) violet-blue formazan solution when reduced by reducing agents present in 

metabolically active cells. The amount of MTT formazan, which is directly proportional 
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to the number of viable cells, can be estimated by spectrophotometry. The absorbance of 

this colored solution can be measured with a spectrophotometer, usually between 500 and 

600 nm (van Meerloo, Kaspers, and Cloos 2011).  

For this purpose, cells at a concentration of 1×104 cells/well were seeded into 96-

well cell culture plates. These cells were incubated for 24 h at 37°C, with 95% humidity 

and 5% CO2. After 24 h, cells were treated with various concentrations of LAP, ZIF-8, 

and LAP@ZIF-8. They were dissolved in DMSO using a sonicator. Then, they were 

diluted in various proportions and added to the plate. After 24-, 48-, and 72-h incubation, 

10 µL of MTT solution (5 mg/mL PBS) was added and incubated at 37°C for 4 h. After 

4 h, the plates were centrifuged at 1800 rpm for 10 min and the supernatant was removed. 

Then the formazan crystals were dissolved in 100 µl of DMSO and shaked (IKA KS250 

basic orbital shaker) 150 rpm for 15 min to homogenize. They were measured at 570 nm 

by using microplate reader (Thermo Fisher Scientific Multiskan GO). Cell viability was 

calculated according to the formula (Equation 2.11) (Mi et al. 2021): 

 

Cell Viability % =  
Abs (sample)−Abs (blank)

Abs (control)− Abs (blank)
 × 100%                                                  (2.11) 

 

2.2.4.    Statistical Analysis 

 

All data were given as mean ± standard deviation (SD). All experiments were 

repeated at least three times (n=3). Statistical analysis was done with Excel and GraphPad 

Prism 9.0.0. MTT analysis results were evaluated by two-tailed paired t-test (for two-

group comparison) and one-way ANOVA followed by Tukey multiple comparison test 

for multiple comparisons (more than two groups). Statistical significance for all analyzes 

was set at α = 0.05. In addition, the results were evaluated by calculating the coefficient 

of variation for the MTT results. The graphs created to visualize results (except MTT 

results by GraphPad Prism 9.0.0) were drawn using OriginLab Pro 2024 (OriginLab 

Corporation, USA).  
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CHAPTER 3 

 

RESULTS AND DISCUSSION  

 

3.1. Synthesis of ZIF-8, LAP@ZIF-8 and Yield of ZIF-8 

 

            ZIF-8 and LAP@ZIF-8 were produced by the one-pot method. The yield of ZIF-

8 synthesis was calculated as a percentage by considering the amount of substance 

synthesized and the synthesis reaction. As a result of the calculation, the yield was 

determined as 58.52 ± 2.44 %. This result is shown as mean percentage and standard 

deviation.  

 

3.2. Characterization of ZIF-8 and LAP@ZIF-8 

 

3.2.1. Encapsulation Efficiency and Drug Loading 

 

Syntheses were performed using various amounts of lapatinib to optimize the 

amount of drug to be used for LAP@ZIF-8 synthesis. The synthesized LAP@ZIF-8 was 

examined in terms of drug loading and encapsulation efficiency and are shown in the 

Table 3.1.  

The results in trial 1 showed that the drug was not loaded. In addition to 

encapsulation efficiency and drug loading, the SEM images of the samples were 

examined structurally. Considering the encapsulation efficiency and drug loading, 

although the highest results were found in the trial 4, the SEM image could not be 

examined, and the diameter calculation could not be made. Among the structurally 

examined trials, trial 3 was found to have the best SEM image and optimal encapsulation 

efficiency and drug loading. It was decided that the most suitable one in terms of both 

structural, encapsulation efficiency and drug loading was the LAP@ZIF-8 synthesized 

using 3 mg of lapatinib. It was decided to use this synthesis material for further studies.    

According to these result, LAP@ZIF-8 (trial 3) showed a high encapsulation 

efficiency of 72.42% with a drug loading of 6.55%. This indicates that 2.173 mg of 
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lapatinib was loaded into LAP@ZIF-8. The calculation of encapsulation efficiency and 

drug loading was shown in detail in Appendix B. 

 

Table 3.1. The calculated EE% and DL% of different trials of LAP@ZIF-8 (additionally,         

                 SEM images of trials). The concentration of Zn(NO3)2.6H2O and 2-MeIm        

                 remained same in all the synthesis. 

 

 

 

3.2.2. Structural Analysis 

 

 

Figure 3.1. SEM images of (a) ZIF-8 and (b) LAP@ZIF-8 

 Amount of 

lapatinib used in 

sythesis (mg) 

 

EE % 

 

DL % 

 

Images of SEM 

 

 

Trial 1 

 

 

0.75 

 

 

- 

 

 

- 

 
 

 

Trial 2 

 

 

1.5 

 

 

50.24 

 

 

2.20 

 
 

 

Trial 3 

 

 

3 

 

 

72.42 

 

 

6.55 

 
 

 

Trial 4 

 

 

5 

 

 

85.30 

 

 

12.15 
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The surface morphology and particle size of ZIF-8 and LAP@ZIF-8 were 

observed by SEM, as shown in Figure 3.1. The size of ZIF-8 was found to be 155.7 ± 54 

nm, while LAP@ZIF-8 was 132.3 ± 30.7 nm, and the diameter of 100 nanoparticles was 

measured using the Image J program for this average particle size analysis. The size 

values calculated for ZIF-8 as a result of SEM were found to be comparable to similar 

results in the literature (Schejn et al. 2014). It can be clearly seen that the ZIF-8 and 

LAP@ZIF-8 nanocrystals are hexagonal in shape, which is the typical ZIF-8 morphology 

(S. Liu et al. 2011). The average particle size of ZIF-8 and LAP@ZIF-8 was found to be 

263.5 ± 4.8 nm and 236.1 ± 2.4 nm, respectively, from DLS analysis (Figure 3.2). The 

polymer dispersion index (PDI) of ZIF-8 and LAP@ZIF-8 were obtained as 0.230 ± 0.016 

and 0.173 ± 0.015, respectively. Size measurement is carried out with particles in dry 

form by SEM, while the hydrodynamic size is determined in aqueous medium by DLS. 

SEM cannot be compared with DLS, which gives higher values due to various non-

covalent interactions of nanoparticles with solvent molecules. In the literature, the 

difference between the average dimensions obtained due to the procedures of DLS and 

SEM analysis has been observed and shown. PDI refers to the variance of the size 

distribution of nanoparticles. The results showed that LAP@ZIF-8 gave a lower PDI 

value reflecting more consistent and equal-sized particles than ZIF-8. Therefore, 

LAP@ZIF-8 was observed to be more monodisperse and have greater particle stability 

compared to ZIF-8 (Vasić et al. 2020). 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. DLS measurements of (a) ZIF-8 and (b) LAP@ZIF-8 

 

This decrease in size was also confirmed by SEM images. This may be because 

lapatinib limits crystal growth upon encapsulation into the system (N. Wang et al. 2022). 
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In another study, the hydrodynamic dimensions after lapatinib loading were lower than 

those of empty nanoparticles; this demonstrated that encapsulating a hydrophobic drug 

into the internal hydrophobic cavity of the nanostructure resulted in smaller particles (S. 

Y. Lee and Cho 2019). In addition, it is thought that the positively charged ZIF-8 surface 

may have been attracted to the negatively charged groups of lapatinib and clustering may 

have occurred between the two, causing a decrease in diameter.In the literature, it is seen 

that the sizes of nanoparticles containing lapatinib vary widely below 200 nm. It has been 

reported in various articles that particle sizes below 200 nm are suitable for cancer cell 

uptake, while nanoparticles between 100-200 nm accumulate in cancerous tissues due to 

the EPR effect (Huo et al. 2015). This shows that the particle size of LAP@ZIF-8 is 

compatible with the literature. Zeta potential of the ZIF-8 and LAP@ZIF-8 was +32.13 

± 1.18 and +29.49 ± 0.75 mV respectively (Figure 3.3). The positive surface charge of 

ZIF-8 is attributed to the metal components (Zn2+) on its outer surface (Oh et al. 2023). 

Insignificant difference between zeta potential values; it shows that lapatinib molecules 

coordinate with Zn2+ and are located within the nanoparticle. It is thought that the reason 

for the decrease in zeta potential is due to the negatively charged elements in the structure 

of lapatinib. This decrease also confirms the presence of lapatinib in the nanoparticle. It 

has been shown in the literature that the zeta potential values of nanoparticles obtained 

by encapsulating the chemical into ZIF-8 are similar to the value decrease after 

encapsulation (Jiang et al. 2018), and that ZIF-8 synthesized in another article also has 

similar value (M. Wang et al. 2022; Jongert et al. 2024). In addition, studies in the 

literature have observed that the zeta value obtained as a result of nanoparticle 

encapsulation of lapatinib is a positive value (H. Gao, Chen, et al. 2014; Wan et al. 2016). 

Based on the zeta potential values of the synthesized nanoparticles, it can be said that the 

particles have a stable structure.  

 

 

 

 

 

 

 

 

Figure 3.3. Zeta potentials of ZIF-8 and LAP@ZIF-8 
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Nanoparticles show a high affinity for the cell membrane, mainly due to 

electrostatic interactions. Cancer cell surface become negatively charged in the case of 

cancer, when negatively charged components such as phosphatidylserine, anionic 

phospholipids, glycoproteins and proteoglycans in the inner layer of the cell membrane 

settle on the cell surfaces. Cell membrane are known to have large negatively charged 

areas that should repel negatively charged nanoparticles. After adsorption of 

nanoparticles to the cell membrane, uptake occurs through several possible mechanisms, 

such as pinocytosis, nonspecific or receptor-mediated endocytosis, or phagocytosis. 

Positively charged nanoparticles are preferentially taken up by tumors. Studies show that 

positively charged nanoparticles bind to the negatively charged surface on tumor 

endothelial cells through electrostatic interactions. It was showed that a higher cellular 

uptake, where electrostatic interactions between the negatively charged membrane and 

positively charged nanoparticles facilitate uptake (Honary and Zahir 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. EDX analysis of ZIF-8 and LAP@ZIF-8 
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The EDX analysis of ZIF-8 and LAP@ZIF-8 are shown in Figure 3.4. While 

characteristic elements such as carbon (C), oxygen (O), nitrogen (N) and zinc (Zn) were 

seen in the EDX spectrum of ZIF-8, the presence of fluorine (F), sulfur (S) and chlorine 

(Cl) elements found in lapatinib was also seen in LAP@ZIF-8. The EDX spectra of the 

LAP@ZIF-8 confirmed the incorporation of lapatinib into ZIF-8, as shown by the 

detection of F, S and Cl elements. The existence of C, N, O and Zn indicates that the 

nanomaterial contains ZIF-8, while the lapatinib component in the nanoparticle is proved 

by the presence of F, S, and Cl.  The existence of all used elements in the nanoparticles 

and also the absence of any impurity was proved by EDX analysis. These results showed 

that the absence of contaminants with confirmation of the elemental composition of 

lapatinib in formulated LAP@ZIF-8.  

The measurement of FTIR was performed for LAP, ZIF-8 and LAP@ZIF-8. The 

FTIR spectrum of the samples on the 400-4000 cm-1 absorption band is shown in Figure 

3.5. The LAP peaks were observed at 3150-3050 cm-1 (N-H stretch), 3017 cm−1 (aromatic 

–CH stretch), 1690 cm−1 (C=N stretch), 1312 cm−1 (S=O stretch), 1264 cm−1 (C–O 

stretch), 1160 cm−1 (furan C–O–C stretch), 1250-1120 cm−1 (C-SO2 stretch), 1031 cm−1 

(C–F stretch), 679 cm−1 (C=C bend) and 564 cm−1 (C–Cl stretch). The characteristic 

aromatic C=C stretch peaks at 1620 and 1440 cm−1 were also visible in FTIR spectrum 

of LAP (Khan et al. 2021; Mane, Wakure, and Wakte 2022). It presented remarkable 

bands at 3136, 2932, 1635, 1584, 1456, 1425, 1383, 1311, 1146, 995, 759, 694 and 420 

cm−1 for ZIF-8 sample. The peaks were observed at 3136, 2932, 1635 and 1584 cm−1 

corresponding to aromatic C-H asymmetric stretching, aliphatic C-H asymmetric 

stretching, C=C stretching and C=N stretching vibrations of imidazole respectively. The 

bands in the spectral region of 1460–1300 cm−1 (1456, 1425, 1383 and 1311 cm−1) were 

associated for the ring stretching, whereas band at 1146 cm−1 associated from aromatic 

C–N stretching mode. The peak at 995 cm−1 could be assigned as C–N bending (in-plane 

ring bending) vibration. The peak at 759 and 694 cm−1 were associated as C–H bending 

mode and ring out-of-plane bending vibration of the 2-MeIm, respectively.  Combination 

of Zn and N to form the imidazolate was confirmed by observing the Zn-N stretching 

vibration band at 420 cm-1. The results match studies in the literature and demonstrate 

successful synthesis of ZIF-8 (Y. Zhang, Jia, and Hou 2018).  

Several peaks such as 564 cm-1 of LAP disappeared in the spectrums of 

LAP@ZIF-8, indicated the peaks were covered by other components. On the other hand, 

some LAP peaks broadened, shifted, or disappeared but were still present, indicating the 
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formation of LAP@ZIF-8. Several peaks in the nanoparticle was shifted in the spectrum, 

suggesting there was interaction among components in the formation of LAP@ZIF-8.    

When the spectra obtained for ZIF-8 were compared with LAP@ZIF-8, it was 

noticed that the spectra of the two samples were very similar. When the LAP@ZIF-8 

spectrum is examined carefully, it can be said that the intensity and sharpness of the peaks 

have increased. Considering the FTIR spectra, LAP@ZIF-8 overlaps with the spectra of 

ZIF-8 but does not completely overlap with the spectra of LAP. This result suggests the 

successful incorporation of LAP into ZIF-8 molecules. Due to the encapsulation within 

the ZIF-8 framework, the characteristic peaks of LAP are masked, and this encapsulation 

also protects the drug from degradation caused by the environment (Kaur et al. 2017).  

These results confirm that the synthesized nanoparticle contains both ZIF-8 and 

LAP and, LAP was successfully loaded in ZIF-8.  

 

 

Figure 3.5. FTIR spectra of LAP, ZIF-8 and LAP@ZIF-8 
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The crystal structures of the synthesized ZIF-8 and LAP@ZIF-8 were identified 

by XRD and the results are shown in the Figure 3.6. Peak positions and sharp diffraction 

peaks of ZIF-8 crystals were illustreted between 2θ values of 5 and 40°. A very sharp 

peak 7.28° was observed in the XRD pattern of the ZIF-8, indicating that a highly 

crystalline material was achieved. The characteristic diffraction peaks at 2θ = 7.28°, 

10.34°, 12.68°, 14.67°, 16.40°, 18.00°, 22.12°, 24.48°, 26.67° and 29.66° for ZIF-8 

sample were observed, which can be assigned to (011), (002), (112), (022), (013), (222), 

(114), (233), (134) and (044) planes respectively (Y. Zhang, Jia, and Hou 2018). ZIF-8 

nanoparticles showed strong peaks which are in good agreement with previously reported 

findings (K. S. Park et al. 2006). The other weak peaks at 2θ = 25.58°, 30.59°, 31.52° ve 

32.38° for ZIF-8 sample were observed, which can be assigned to (224), (334), (244), 

(235) planes respectively (Gross, Sherman, and Vajo 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. XRD pattern of LAP, ZIF-8 and LAP@ZIF-8 
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It was observed that after LAP loading, the characteristic diffraction peaks of ZIF-

8 were weakened, but the main characteristic peaks were essentially unchanged. 

Solubility is an important criterion for the absorption and effect of drugs. Compared to 

the crystalline form, the metastable or amorphous drug form dissolves faster due to 

greater internal energy as well as molecular motion (Prabhu et al. 2021). The observation 

of the solubility difference between LAP and LAP@ZIF-8 during the experiments proves 

this. The XRD result of LAP showed much more frequent sharp peaks at higher intensity, 

while LAP@ZIF-8 showed sharp but less intense peaks. This demonstrated that the 

crystalline form of LAP was converted to its amorphous form by encapsulation into ZIF-

8. This is thought to increase the solubility and bioavailability of the nanoparticle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. TGA curves of LAP, ZIF-8 and LAP@ZIF-8 (LAP: Heat from 25°C to 810°C    

                   at 10°C/min, ZIF-8 and LAP@ZIF-8: Heat from 25°C to 610°C at 10°C/min) 

 

The TGA method is used to identify the composition of nanoparticle, evaluate 

thermal stability and to investigate the loss of material mass due to oxidation, 

decomposition, or loss of volatile matter. This method results in temperature versus 

weight percentage. For all samples, the initial weight loss occurs due to physical adsorbed 

of water. It is thought that the initial weight loss is due to the evaporation/disappearance 
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of the adsorbed surface water/wetness, while other subsequent weight losses may be due 

to the evaporation and combustion of organic species in the sample (Rami et al. 2021). 

Figure 3.7 exhibits the TGA curves of LAP, ZIF-8, and LAP@ZIF-8. Analysis was 

performed in between 25-800 °C at a constant heating rate of 10 °C/min under air 

atmosphere. TGA analysis showed that LAP, ZIF-8, and LAP@ZIF-8 samples were 

stable below ~100 °C. It was observed that the thermal decomposition of LAP started at 

245°C and the maximum weight loss was 70.56% at 799.56˚C, while the thermal 

decomposition of ZIF-8 started at 250°C and the maximum weight loss was 26.652% at 

599.17˚C. It was observed that the thermal decomposition of LAP@ZIF-8 started at 

420°C and the maximum weight loss of 38.741% occurred.  

In the TGA curve for thermal degradation process of LAP has five stages. In the 

first point, starting at 25˚C and ending at 245 ˚C, this weight loss is 0.27%. In the second 

point, starting at 245˚C and ending at 285 ˚C, this weight loss is 7.444 %. The third stage 

of decomposition, starting at 290 to 350 ˚C, this weight loss is 36.832 %, which is weight 

loss steadily decreased could be due to the volatilization and combustion of organic 

species in the sample. The fourth stage of decomposition, starting at 350 to 470 ˚C, this 

weight loss is 12.165 %. The fifth stage of decomposition, starting at 470 to 799.56 ˚C, 

this weight loss is 15.1%.  

 In the TGA curve for thermal degradation process of ZIF-8 has three stages.In 

the first point, starting at 25˚C and ending at 250 ˚C, this weight loss is 2.692%. This 

value may be related to the loss of water molecules in cavities or on the surface of ZIF-8. 

The second stage of decomposition, starting at 250 to 275.5 ˚C, this weight loss is 1.533%. 

The loss of only 7.02% of the initial mass at 420 °C proves the high thermal stability of 

ZIF-8. This value can also indicate the exit of water molecules connected to the ZIF-8 

network. The third stage of decomposition, starting at 275.5 to 599.17 ˚C, this weight loss 

is 19.578%.  The weight loss above 400 °C is due to the decomposition of 2-MeIm 

molecules. Decomposition of ZIF-8 crystals occurs between 420-599.17 °C and a sudden 

mass loss is observed. In this range, it was possible to observe a significant mass loss, 

related to the molecule organic portion degradation, the imidazolate. This situation of 

ZIF-8, which exhibits a slow degradation, is caused by the thermal decomposition of the 

inorganic part until zinc oxide is formed. These results are in accordance with previous 

studies (de Moura Ferraz et al. 2020). 

In the TGA curve for thermal degradation process of LAP@ZIF-8 has three 

stages. The LAP@ZIF-8 was stable up to 420°C and had very minor changes in weight 
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loss, which is 4.625%. The second stage of decomposition, starting at 420 to 560 ˚C, this 

weight loss is 27.814%. The third stage of decomposition, starting at 560 to 598.74 ˚C, 

this weight loss is 6.265%. The situation after the loss of water molecules of ZIF-8 

indicates the loss of LAP molecules because there is no weight loss of ZIF-8 in this 

temperature range. The weight loss can be attributed to the decomposition of LAP that is 

encapsulated in ZIF-8 frameworks. The latter degradation state is due to the thermal 

degradation of LAP and ZIF-8 along with their carbonization. This weight loss may have 

caused by the release of water molecules and other absorbed unreacted molecules, such 

as 2-MeIm, from the pore structure. Subsequently, with the increase of temperature, the 

skeleton structure of the sample collapses and decomposes, and the structural integrity of 

the crystal is destroyed. ZIF-8 and LAP@ZIF-8 samples decompose, and zinc oxide is 

formed. Encapsulation of LAP in the ZIF-8 is clearly evident from the thermal curve of 

LAP@ZIF-8.  The decreased weight loss of LAP suggests that LAP interacts with ZIF-8 

through electrostatic interactions and coordination reactions. All these results illustrate 

that the LAP@ZIF-8 sample has good thermal stability. 

 

3.2.3. Drug Release Study 

 

The ability of the nanocarrier to efficiently release the drug at the desired site is 

an important feature of delivery system. In Figure 3.8 represents the release of lapatinib 

from LAP@ZIF-8 in pH 5.5 and pH 7.4. LAP@ZIF-8 showed a controlled release profile 

in the release environment.  In the pH 5.5 environment, 54.92% and 68.43% of lapatinib 

were released, while in the pH 7.4 environment, 33.52% and 35.99% of lapatinib were 

released at 24 h and 48 h, respectively. At the end of 96 h, 76.99% and 42.75% of lapatinib 

was released in pH 5.5 and pH 7.4, respectively. This revealed that the release of lapatinib 

was greater in acidic pH than in neutral pH. Lapatinib was released continuously for up 

to 96 h, indicating that lapatinib was encapsulated in the hydrophobic core of the 

nanoparticle, leaving almost nothing on the surface. 

Release of lapatinib from LAP@ZIF-8 after internalization may result in 

enhanced cytotoxic activity against cancer cells. The slower release at pH 7.4 compared 

to that at pH 5.5 is beneficial for cancer cell targeting and higher tumor cell inhibition. 

The slow and relatively low release of lapatinib at the body's physiological pH of pH 7.4 

also helps reduce its toxicity on normal tissue. The release state can be considered as 
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imidazolate protonation in the acidic state, where the coordination link between Zn2+ ions 

and imidazolate is broken, leading to increased lapatinib release from ZIF-8.  

Based on the findings, it is hypothesized that lapatinib release can be controlled 

at pH 7.4 and remain stable in ZIF-8 frameworks; on the other hand, faster release of 

drugs tends to occur under acidic conditions. Additionally, the solubility of lapatinib 

increases at pH 5.5 due to increased protonation of the amino groups in lapatinib 

molecules (El‐Bindary et al. 2020). This slow release in pH 7.4 indicated that the 

hydrophobic pores of ZIF-8 had assisted slow release of hydrophobic lapatinib. The fast 

release in pH 5.5 was due to the disintegration of the ZIF-8 structure in acidic pH. In 

general, sustained release exposes cancer cells to the drug continuously, providing an 

increased likelihood of cell death. This can also reduce drug dose and dosing frequency 

and increase therapeutic effectiveness in cancer treatment (Huo et al. 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Drug release profile of LAP@ZIF-8 in media of different pH for (a) 60 min  

                    and (b) 96 h 
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3.2.4. Biocompatibility Assays 

 

3.2.4.1. Serum Protein Binding  

 

Serum albumin is the most abundant in blood, human serum albumin (HSA) and 

BSA are the most studied proteins. The interaction of drugs with serum albumin may 

affect their pharmacokinetic and pharmacodynamic properties, distribution in the body, 

passage through biological membranes, severity of pharmacological effect and 

elimination rate. Drugs can be present in the circulatory system either bound to plasma 

protein or in a free/unbound state. The drug bound to plasma protein is not 

pharmacologically active. Drugs with strong binding affinity to serum albumin may cause 

undesirable effects, such as causing a longer half-life of a drug in the body, thus reducing 

its value as a therapeutic. The unbound drugs interact with their therapeutic targets and 

exert their effects. (Siddiqui et al. 2021). 

 

 Table 3.2. Protein binding percentages of LAP, ZIF-8, and LAP@ZIF-8 (n.d.: not    

                 determined) 
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In the serum protein binding study, the samples were centrifuged with FBS and 

the binding percentages to serum proteins were calculated based on the unbound protein 

remaining in the supernatant. Since the amount of plasma protein may vary from person 

to person, experiments were carried out using different serum and sample concentrations. 

Table 3.2 shows protein binding percentages. It is seen that the binding percentages with 

serum proteins change between 5.36 - 19.26%. It appears that there is no linear increase 

or decrease according to serum/sample ratios and the increase in serum ratio does not 

have a significant effect on protein binding. When the study by Semete et al. (Semete et 

al. 2012) was examined, serum protein binding to nanoparticles was around 40%, and in 

this study, the highest binding was found to be 10.39% in LAP@ZIF-8. Based on the 

literature information and the obtained trial data, it is expected that the drug will have 

good pharmacokinetic distribution and accumulate concentratedly in the targeted tissues. 

It is thought that the nanoparticle can be delivered to the target tissue at high rates due to 

its non-protein binding or low binding results. When the results are evaluated; it is thought 

that the samples, especially the LAP@ZIF-8 is biocompatible since the protein binding 

percentages are low. 

 

3.2.4.2. Hemocompatibility (Hemolysis)  

 

Hemolysis is the breakdown (lysis) of red blood cells and the release of their 

contents (cytoplasm) into the surrounding fluid. Nanoparticles can easily reach the 

circulation due to their size and route of administration, and red blood cells (erythrocytes) 

may be the first biological entity they come into contact with. Hemolysis assay is used to 

evaluate nanoparticle toxicity resulting from the interaction of nanoparticles with red 

blood cells. This assay aims to determine the interaction of nanoparticles with the red 

blood cell membrane and the percentage of released hemoglobin (Hb) (Martinez et al. 

2015). Evaluation of the ability of nanoparticles to integrate with blood is described as 

nanoparticle compatibility. Hemolytic activity (% hemolysis) is calculated by dividing 

the released hemoglobin concentration by the total hemoglobin concentration in exposed 

red blood cells. Accordingly, 0%–2% hemolysis is nonhemolytic, 2%–5% is slightly 

hemolytic, and more than 5% is hemolytic (Malehmir et al. 2023).  

An in vitro hemocompatibility study was performed. In vitro study of hemolysis 

detects plasma-free hemoglobin derivatives spectrophotometrically following incubation 
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of particles with blood. Then, undamaged cells are separated by centrifugation and the 

percentage of hemolysis is evaluated. The percentages of in vitro hemolysis results in the 

experimental groups remained below 2%, which is lower than the 5% acceptable 

hemolysis limit reported for biomaterials in contact with blood (Figure 3.9). This research 

showed that the samples showed that in case of blood contact, blood hemolysis did not 

exceed 5% of the positive control and there was no hemolytic effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Hemolysis percentages of LAP, ZIF-8, and LAP@ZIF-8 

 

The experimental result showed that LAP@ZIF-8 is hemocompatible, harmless 

to fresh blood (does not show any damage to the red blood cell membrane) and can be 

used in practical applications related to biological aspects. The hemolytic value of 

LAP@ZIF-8 was determined as 1.08, 1.44, and 1.68% according to the increasing 

concentration value, indicating that the hemolytic toxicity of LAP was reduced when 

encapsulated into ZIF-8. 
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3.3. In Vitro Investigation of Cancer Activity 

 

The cytotoxicity of LAP, ZIF-8 and LAP@ZIF-8 against SKBR-3 and MCF-7 

cell lines, and consequently the potential of ZIF-8 used as drug carrier, were evaluated 

using the MTT assay (Figures 3.10 and 3.11).   

It appears that the blank nanocarrier, ZIF-8, does not produce any cytotoxic effects 

on cancer cells. As shown in the Figure 3.10d and Figure 3.11d, ZIF-8 exhibited a limited 

effect on the proliferation of both cell lines. Although there was no significant difference, 

it was observed to be more lethal than SKBR-3 in MCF-7 cells. The fact that cell viability 

remained above 60% even at the highest concentration tested (100 μg/mL) for two cell 

lines in addition to almost no cell death at concentrations below this concentration, 

indicates that ZIF-8 nanoparticles have low cytotoxicity and good biocompatibility. It has 

been shown in the literature that ZIF-8 has no significant cytotoxicity up to 30 μg/mL, 

and cytotoxicity above 30 μg/mL is due to the effect of released Zn2+ on mitochondrial 

ROS production (Hoop et al. 2018). When the results were examined, it was seen that 

ZIF-8 maintained its viability and was compatible with the literature (R. Singh et al. 

2021).  

The cytotoxic effect of free LAP and LAP@ZIF-8 was tested in SKBR-3 (Figure 

3.10a,b,c) and MCF-7 (Figure 3.11a,b,c) cancer cells depending on the incubation time. 

As shown in Figures, both formulations showed typical time and concentration dependent 

cytotoxicity in cancer cells. It was observed that there was no statistically significant 

difference between LAP and LAP@ZIF-8 treatment in MCF-7 cells within the 

investigated time periods. In fact, it is possible to say the same for SKBR-3 cells. 
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Figure 3.10. In vitro cytotoxicity profile of LAP, ZIF-8, LAP@ZIF-8 against SKBR-3   

                    cell line at various concentrations. In vitro cytotoxicity profile of LAP and  

                    LAP@ZIF-8 after (a) 24 h, (b) 48 h and (c) 72 h incubation time as assayed                      

                    by MTT. In vitro cytotoxicity profile of (d) ZIF-8. Significantly different  

                    data were indicated by asterisks (p-values: *<0.03, **<0.02, ***<0.002,  

                    ****<0.0001, ns: non-significant) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. In vitro cytotoxicity profile of LAP, ZIF-8, LAP@ZIF-8 against MCF-7 cell    

                     line at various concentrations. In vitro cytotoxicity profile of LAP and   

                     LAP@ZIF-8 after (a) 24 h, (b) 48 h and (c) 72 h incubation time as assayed  

                     by MTT. In vitro cytotoxicity profile of (d) ZIF-8. Significantly different  

                     data were indicated by asterisks (p-values: *<0.03, **<0.02, ***<0.002,   

                     ****<0.0001, ns: non-significant) 
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The IC25 (concentration of inhibitor which causes 25% inhibition) and IC75 ( 

concentration of inhibitor which causes 75% inhibition) values (Table 3.3) and IC50 

values  (Table 3.4) were calculated and shown as a result of 24, 48 and 72 hours of 

treatment of samples in SKBR-3 and MCF-7 cell lines. 

 

 Table 3.3. The IC25 and IC75 values of LAP, ZIF-8, and LAP@ZIF-8 for SKBR-3 and   

                 MCF-7 cell lines 

 

 

 

Table 3.4. The IC50 values of LAP, ZIF-8, and LAP@ZIF-8 for SKBR-3 and MCF-7 cell   

                 lines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to IC50 values, LAP was much more toxic on SKBR-3 cells than on the 

MCF-7 cell line in the concentration range examined. In addition, LAP@ZIF-8 was 

significantly more toxic on SKBR-3 (HER2-positive) cells than on the MCF-7 (HER2-

negative) cell line over the concentration range investigated. This demonstrated the 

effectiveness of LAP@ZIF in targeting in SKBR-3 cells where HER2 was overexpressed. 

The IC50 values for compounds LAP, ZIF-8 and LAP@ZIF-8 are listed and indicate that 

in both SKBR-3 and MCF-7 cell lines the IC50 value of ZIF-8 exceeded 100 μg/mL in all 

incubation times. After LAP was loaded onto ZIF-8 in SKBR-3 cell line, the IC50 value 

of LAP@ZIF-8 was 9.38, 3.81, and 1.20 μg/mL after 24 h, 48 h, and 72 h incubation time, 
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respectively. After LAP was loaded onto ZIF-8 in MCF-7 cell line, the IC50 value of 

LAP@ZIF-8 was 22.05, 16.13, and 9.14 μg/mL after 24 h, 48 h, and 72 h incubation time, 

respectively. Overall, a comparison of IC50 values of LAP@ZIF-8 compound with LAP 

revealed that the LAP@ZIF-8 showed IC50 value close to the IC50 value of LAP in both 

SKBR-3 and MCF-7 cell lines. The lower cytotoxicity of LAP@ZIF-8 compared to LAP 

can be explained by the slow release of the drug.  

The situation encountered as a result of the experiment is supported by similar 

results in the literature and explained by similar reasons such as drug release, 

encapsulation and loading. In one study, the cytotoxicity of DOXO (doxorubicin), ZIF-8 

and DOXO-ZIF-8 complex determined by MTT assay were evaluated. It was observed 

that the DOXO-ZIF-8 complex had a higher IC50 value than free DOXO. It has been 

mentioned that the weaker cytotoxicity of DOXO-ZIF-8 compared to DOXO can be 

explained by the slow release of the drug (Vasconcelos et al. 2012). In another study, the 

cytotoxicity of ZIF-8, DOX and DOX@ZIF-8 against HepG-2 and MCF-7 cell lines was 

evaluated. It was observed that DOX@ZIF-8 had a higher IC50 value than DOX, thus the 

cytotoxicity of DOX@ZIF-8 was weaker compared to DOX. Although a small amount 

of DOX was loaded into DOX@ZIF-8; it was observed that the IC50 values were close to 

the IC50 values of free DOX in both cell lines. It is also said that these results confirm that 

a high amount of nanoparticles can be internalized into cancer cells and increase the 

efficiency of the drug. In addition, it is added that since the pH value of endosomes and 

lysosomes is acidic, the adopted DOX@ZIF-8 nanoparticles are predicted to release DOX 

quickly and abundantly into the cell (El‐Bindary et al. 2020).  In a study in which lapatinib 

was encapsulated in lipoprotein-like nanoparticles, it was noted that lipoprotein-like 

nanoparticles (LTNPs) incorporated with lapatinib resulted in lower cytotoxicity 

compared to free lapatinib (lapatinib suspension (LTS))  in the BT-474 breast cancer cell 

line (H. Gao et al. 2013). These results suggest that considering that only 6.55% of 

LAP@ZIF-8 used in the experiment was LAP, a high amount of nanoparticles could be 

taken up by cancer cells and the efficiency of LAP could be increased. The goal of anti-

cancer drug delivery, such as protection of lapatinib from plasma proteins and early 

clearance from the bloodstream (Mobasseri et al. 2017), appears to have been achieved 

by using ZIF-8 as a nanocarrier in this study. In the study, ZIF-8 nanoparticles, which 

served as lapatinib carriers, retained its activity. 
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3.3.1. Coefficient of Variation for Cell Viability 

 

The coefficient of variation is a dimensionless statistical tool that shows the 

relationship between the mean and distribution of data and allows variables to be 

compared independently of scale effects. It is used to express the precision and 

repeatability of an assay. It is defined as the ratio of the standard deviation to the mean 

and often expressed as a percentage. A coefficient of variation above about 30% is 

considered an indication that there is a problem with the data or that the experiment is out 

of control (Brown 1998). The coefficient of variation is also known as the relative 

standard deviation (Ospina and Marmolejo-Ramos 2019). The lower the coefficient of 

variation values, the smaller the spread of results and the higher the precision, while the 

higher the coefficient of variation values, the larger the spread of results and the lower 

the precision.  

 

 

 

 

Figure 3.12. Coefficient of variation of average cell viabilities for different concentrations   

                    and incubation times of samples in (a) SKBR-3 and (b) MCF-7 cell lines 

 

When the results were evaluated, it was seen that the coefficient of variation 

values did not exceed 30% in both cell lines, as seen in the graphs in Figure 3.12. These 

results show that there are no problems with the data set or experiment, as well as the 

consistency, precision, and reproducibility of the data. 
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                                        CHAPTER 4  

 

CONCLUSION 

 

            In conclusion, the cancer drug LAP was developed by one-pot synthesis as an 

effective drug delivery system by encapsulating it into ZIF-8. The synthesized 

LAP@ZIF-8 exhibited high encapsulation efficiency of 72.42% and drug loading 

capacity of 6.55%. Moreover, as a result of biocompatibility studies, the nanoparticle, 

characterized using SEM, EDX, DLS, zeta potential, FTIR, XRD and TGA, exhibited 

good biocompatibility and stability, making it an ideal candidate carrier for the delivery 

of drugs. As a result of the in vitro drug release experiment, it was found that the drug 

release behavior of LAP@ZIF-8 was higher in acidic environment (pH 5.5) compared to 

physiological environment (pH 7.4).  

In vitro cytotoxicity findings showed that LAP@ZIF-8 had similar therapeutic 

effect to free LAP on breast cancer cell lines. The LAP@ZIF-8 system was shown to be 

internalized by cancer cells and exhibited lower cytotoxicity compared to LAP, probably 

due to its slow release from ZIF-8. In addition, the effect of LAP, a HER2 inhibitor used 

to treat HER2-positive breast cancer, and synthesized LAP@ZIF-8 on MCF-7, a HER2-

negative breast cancer cell line, was observed in vitro. The results showed that LAP and 

LAP@ZIF-8 were also effective in HER2-negative breast cancer cell lines, suggesting 

that they could also be used therapeutically in HER2-negative breast cancer cell lines.   

LAP@ZIF-8, a nanoparticle with a convenient synthesis procedure, was 

experimentally characterized, exhibited good release and biocompatibility abilities, and 

was shown to have promising anti-tumor effects in breast cancer cell lines. For the 

treatment to be successful, various limitations of chemotherapeutics used in cancer 

treatment must be resolved. Since both substances (LAP and ZIF-8) are hydrophobic, 

their solubility in water is quite limited. During the experiments, the solubility of 

synthesized LAP@ZIF-8 was visibly better than the solubility of its components. It has 

been shown that this observation result is reflected in the results of the experiments and 

that this statement is correct. The use of ZIF-8 as a carrier may increase the therapeutic 

efficacy of lapatinib while reducing possible side effects. Considering its potential 

capabilities and experimental results, LAP@ZIF-8 can be continued to be studied as a 
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drug carrier system in the development of pharmaceutical applications. In the future, such 

nanoparticles could potentially lead to studies that could be used for other 

chemotherapeutics, overcoming many limitations in the treatment of several cancers. 

More comprehensive studies will be useful in understanding the biological effects of these 

nanoparticles and their possible use as drug delivery vehicles in future clinical trials. 
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APPENDIX A 

 

SOLUTIONS 

 

 

PBS Preparation 

 

Since it is not toxic to cells, PBS, which is used for washing cells and dilutions, is 

an isotonic buffer that can mimic the pH, osmolarity and ion concentrations of the human 

body.  

To prepare 1X PBS, 8 g of sodium chloride (NaCl, 58.44 g/mol, Sigma Aldrich), 

0.2 g of potassium chloride (KCl, 74.55 g/mol, Sigma Aldrich), 1.44 g of sodium 

phosphate dibasic (Na2HPO4, 141.96 g/mol, Sigma Aldrich) and 0.245 g of potassium 

phosphate monobasic (KH2PO4, 136.09 g/mol, Sigma Aldrich) were added to 800 mL of 

distilled water in a glass container. Distilled water was added until the volume was 1 liter 

(“Quest CalculateTM PBS (Phosphate Buffered Saline) (1X, pH 7.4) Preparation and 

Recipe,” n.d.) . The solution was adjusted to pH 7.4 using a pH meter (Hanna Edge pH 

Meter). Hydrochloric acid (HCl, Merck) was used to adjust PBS to pH 5.5. The solution 

was adjusted to pH 5.5 using a pH meter. The prepared solutions were autoclaved for 

sterilization and stored at 4°C. 

 

MTT Preparation 

 

To prepare the solution at a concentration of 5 mg/mL, 5 mg of MTT powder was 

weighed and dissolved in 1 mL of sterile PBS (pH 7.4). It was mixed by sonication. The 

solution was sterilized by filtering using a 0.22 μm sterile filter. It was divided into 

ependophs to be used in the cell viability experiment and stored at -20°C. 
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APPENDIX B 

 

ENCAPSULATION EFFICIENCY  

AND DRUG LOADING  

 

According to the calibration curve of lapatinib, the equation is: 

 

y = 0.0226x – 0.0459 

 

The calculation of supernatant concentration: 165.48 µg/mL  

 

The concentration of the prepared solution: 600 µg/mL  

 

Amount of lapatinib encapsulated: 600 µg/mL – 165.48 µg/mL = 434.52 µg/mL 

 

Thus, LAP@ZIF-8 was calculated to contain 434.52 µg of LAP, and the encapsulation 

efficiency can be calculated as: 

 

 = 72.42 % 

 

 

Considering 3 mg of lapatinib in reaction medium and 72.42 %, the amount of 

encapsulated lapatinib in mg and the drug loading calculated as: 

 

Amount of lapatinib encapsulated (mg) =    = 2.173 mg 

 

 = 6.55 % 

 

 

 


