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ABSTRACT 

 

 

 

CELECOXIB DELIVERY WITH EPIDERMAL GROWTH FACTOR 

RECEPTOR-TARGETED IMMUNOLIPOSOMES FOR CANCER THERAPY 

 

 

 

Limasale, Yanuar Dwi Putra 

M.S., Department of Biotechnology 

Supervisor: Assoc. Prof. Dr. Dilek Keskin 

Co-Supervisor: Assoc. Prof. Dr. Sreeparna Banerjee 

February 2015, 115 pages 

 

Inhibition of the cyclooxygenase-2 (COX-2) pathway by a selective COX-2 

inhibitor, Celecoxib (CLX), may be an alternative strategy for cancer prevention and 

therapy as COX-2 is highly expressed in wide range of cancer. One way to improve 

CLX’s therapeutic efficacy while minimizing its adverse side effects is through its 

encapsulation within liposomes. Previous studies have reported the non-targeted long 

circulating liposomes formulations of CLX and its functional effect against 

colorectal cancer cell lines. However, to improve the CLX-loaded liposomes’ 

selectivity and internalization, targeting ligands such as Cetuximab (anti-Epidermal 

Growth Factor Receptor (EGFR) monoclonal antibody) can be grafted on the surface 

of the liposomes to generate EGFR-targeted immunoliposomes.  Cetuximab 

represents a promising targeting ligand since EGFR is highly expressed in a wide 

range of solid tumors. The aim of the thesis was to develop EGFR-targeted 

immunoliposomes for enhancing the delivery of CLX and to evaluate its functional 

effects in cancer cell lines. The immunoliposomes with size of approximately 120 

nm and 40% of encapsulation of CLX were shown to have sustained release profile 
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of the drug. In addition, cell association studies demonstrated that the 

immunoliposome uptake was higher in EGFR-overexpressing cells compared to the 

non-targeted liposomes. The CLX-loaded-anti-EGFR immunoliposomes were also 

significantly more toxic compared to the non-targeted ones in cancer cells with 

EGFR-overexpression but not in the cells with low EGFR expression, regardless of 

their COX-2 expression status. Thus, selective targeting of CLX with anti-EGFR 

immunoliposomes appears to be a promising strategy to treat tumors with 

overexpression of EGFR.  
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ÖZ 

 

 

 

KANSER TEDAVİSİ İÇİN ANTİ-EPİDERMAL BÜYÜME FAKTÖR RESEPTÖR 

HEDEFLİ İMMÜNOLİPOZOMLAR İLE CELECOXIB SALINIMI 

 

 

Yüksek Lisans, Biyoteknoloji Bölümü 

Tez Yöneticisi: Doç. Dr. Dilek Keskin 

Ortak Tez Yöneticisi: Doç. Dr. Sreeparna Banerjee 

Şubat 2015, 115 sayfa 

 

Siklooksijenaz-2 (COX-2) birçok farklı kanser türünde yüksek miktarda ifade 

edilmektedir. Bu nedenle seçici bir COX-2 inhibitörü ile COX-2 yolağının 

baskılanması kanserden korunma ve tedavi için alternatif bir strateji olabilir. 

Celecoxib (CLX), suda az çözünmektedir ve geniş bir doku distribüsyonuna sahiptir. 

Ayrıca, uzun süreli CLX kullanımı kardiyovasküler hastalıkların yüksek oranda 

görülmesi ile ilişkilidir. Lipozomal ilaç taşıma sistemleri, CLX'in yan etkilerini 

azaltmanın yanı sıra tedavi edici etkisini arttırmak amacı ile kullanılabilir. Önceki 

çalışmalar hedeflenmemiş uzun süreli dolaşan lipozamlarla kapsüllenen CLX'i ve 

onun kolorektal kanser hücre hatlarındaki fonksiyonel etkilerini göstermiştir. 

Bununla birlikte, CLX-yüklenmiş lipozomların seçiciliği ve internalizasyonları 

lipozomların yüzeyindeki ligandların aşılama ile hedeflenmesiyle daha fazla 

arttırılabilir. EGFR birçok katı tümör çeşidinde yüksek miktarda ifade edildiğinden, 

Cetuximab (anti- Epidermal Büyüme Faktör Reseptörü (EGFR) monoklonal 

antikoru) ümit vaat eden bir EGFR ligandıdır. Bu tezin amacı CLX taşınımını 

arttırmak için EGFR hedefli immünolipozomlar geliştirmek ve kanser hücre 

hatlarındaki fonksiyonel etkilerini değerlendirmektir. Hücre ilişkili çalışmalar 
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göstermektedir ki immünolipozomların alımı EGFR-aşırı ifadeli hücrelerde 

hedeflenmemiş lipozomlar ile karşılaştırıldığında daha fazladır. Ayrıca, CLX-

yüklenmiş-anti-EGFR immünolipozomlar, hedeflenmemiş lipozomlar ile kanser 

hücrelerinde COX-2 ifadesine bakılmaksızın karşılaştırıldığında EGFR-aşırı ifadeli 

hücrelerde, fakat az EGFR ifadeli hücrelerde değil, önemli ölçüde daha toksiktir. 

Böylelikle anti-EGFR immünolipozomlar ile seçici hedeflenen CLX, EGFR aşırı 

ifadeli tümörlerin tedavisinde umut vaat eden bir yöntem olarak görülmektedir. 

 

Anahtar kelimeler: Lipozom, immünolipozom, EGFR, kanser, Celecoxib. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Cancer 

Cancer is one of the leading causes of death worldwide. It was reported that 

there were 8.2 million of cancer death and 14.1 million new cancer cases in 2012 and 

it is predicted that the number will rise 19.3 million per year by 2025 [1]. The most 

prevalence cancer affecting the world population include the lung cancer, breast 

cancer, prostate cancer and colorectal cancer. Cancer arises from uncontrolled cell 

growth and proliferation of any different cells in the body. The deregulations of cell 

growth and proliferation in cancer result from the accumulation of mutations in various 

genes controlling the cell growth and proliferation overtime. The mutations are 

acquired in multistep process and this leads to the development of cancerous 

characteristics known as hallmarks of cancer: (1) ability to maintain proliferation 

either in the presence of growth factor or in their absence, (2) ability to evade anti-

growth factor suppression, (3) ability to evade from cell death, (4) ability to sustain 

limitless replication potential, (5) ability to promote angiogenesis, and (6) ability to 

invade the neighboring tissues and metastasize [2]. In addition, improving knowledge 

of cancer in the recent decade also includes 2 emerging hallmarks of cancer: altering 

the energy metabolic profile and evasion from the destruction of immune system [3].   

 

1.1.1 Cancer Therapy 

The current cancer therapy includes surgery, chemotherapy, radiotherapy, 

endocrine therapy, immunotherapy and targeted therapy. The choices of the treatment 

are dependent on many aspects including the age of the patient, types of tumor, 

localization and stage of the tumor, resistance to previous treatment, responsiveness to 

the current treatment and so on. Each type of therapeutic intervention has some 
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limitations, therefore, the combination of the therapies may be required to achieve an 

optimal result.  

Surgery is the most effective way of eliminating primary tumors, which are 

localized in the organ and have not disseminated through the regional lymphatics [4]. 

The importance of surgery for the success of solid tumor curative treatment can be 

especially visible when it is combined with the early detection of the tumor [5]. 

However, tissue trauma and wound healing associated with the surgery may promote 

angiogenesis, growth and metastatic potential of micrometastatic disease [6]. At the 

later stages, as the cancer metastasizes, surgery becomes ineffective and other 

treatment options that are able to reach cancer cells in different part of the body such 

as chemotherapy and targeted therapies are required.  

Radiotherapy offers another relatively cheap option for the curative therapy of 

cancer such as head and neck tumors and prostate cancer as a single agent [4]. 

Radiotherapy involves the delivery of ionizing radiation in a lethal dose to the tumor 

tissues and this particularly can lead to the damage in the Deoxyribonucleic acid 

(DNA) and cell death especially when the cell undergoes mitosis [7]. The effect of 

radiotherapy is more pronounced in tumors compared to the normal tissues because of 

the differences in their intrinsic radiosensitivity and ability to repair and repopulate 

[8].  However, in order to achieve high response rate, commonly, the treatment is used 

in combination with surgery, chemotherapy, and/or targeted therapy. Despite the 

advantages of radiotherapy, the treatment is still ineffective for metastasized cancer 

and carries the risk of damaging rapidly proliferating healthy cells. In addition, 

hypoxic conditions in the tumor site also confer resistance of tumor to radiotherapy 

[9]. 

While surgery and radiotherapy are effective for the local treatment of primary 

tumor, chemotherapy is delivered systematically to reach metastatic tumor tissues [8]. 

Despite of their effectiveness in killing the cancer cells, chemotherapy produces 

deleterious side effects to the normal tissues, especially to the cells with high 

proliferative capacity such as hair follicle cells, gastrointestinal mucosa, hematopoietic 

stem cells, etc., and in worst cases, sometimes, it can generate life threatening side 

effects. Generally, chemotherapy drugs target DNA and interferes with DNA 
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replications leading to apoptosis [10]. In clinical practice, chemotherapy can be used 

as a single agent or in combination with other chemotherapy drugs and adjuvant or 

neo-adjuvant to surgery or radiotherapy.  The outcomes of the therapies are various; 

and may range from palliation to completely   curing the disease. However, the use of 

chemotherapy is particularly limited by the development of tumor resistance in 

addition to their toxic side effects. 

The lack of specificity of chemotherapy, along with various side effects and 

relatively modest improvement in the survival of cancer patients have spurred the 

development of better cancer therapeutics that are more targeted to the cancer instead 

of normal tissues. This has largely resulted from better understanding of signaling 

pathways and genes that are specifically associated with cancer development and are 

important for their survival and proliferation. Targeted therapies for cancers involves 

the interference of signaling pathways which are required for cancer progression either 

by inhibiting the activation of oncogenes or by activating tumor suppression [11].  

The molecular targets which have the potential to be candidates of the targeted 

cancer therapy include growth factor receptor, signaling molecules, proteins 

controlling the cell cycle and regulators of apoptosis and angiogenesis [8]. Some of 

the targeted therapeutics in clinical practice has shown significant improvement in 

progression-free survival while the others are still undergoing clinical trials. For 

example, as an adjuvant, trastuzumab, an antibody which targets HER-2 receptor on 

breast cancer cells of some patients is able to improve progression-free survival and 

overall survival of the patients [8]. Other small molecules and antibodies that are 

currently used in the clinical setting for targeted therapies include Tyrosine Kinase 

inhibitors, bevacizumab (Vascular Endothelial Growth Factor (VEGF) targeted 

monoclonal antibody) , cetuximab and panitumumab (antibodies directed against 

EGFR), and so on [12] . 

 

 



 

4 

 

1.2 Epidermal Growth Factor Receptor Signaling  

Epidermal Growth Factor Receptor (EGFR) / ERBB1 along with ERBB2, 

ERBB3 and ERBB4 are members of Tyrosine Kinase Receptor family [13]. EGFR is 

a membrane protein of 170 kDa, consisting of 486 amino acids. It has an extracellular 

ligand-binding domain, a transmembrane domain, and intracellular domains including 

protein kinase domain and a regulatory carboxyl terminal [14], [15]. The EGFRs are 

activated by various different ligands including epidermal growth factor (EGF), 

transforming growth factor alpha (TGF-α), and amphiregulin [16]. Upon the binding 

of the ligand, the receptor forms homodimer or heterodimer with other members of the 

family leading to their phosphorylation and activation [17]. The activation of the 

receptor leads to the activation of signaling pathways that are important for cellular 

growth, differentiation and migration [18]. 

The activations of ERBBs are followed by the activations of downstream 

pathways that can be overlapping between each type of receptor due to the  recruitment 

of the same molecules by the activated receptor, however, for a given ERBB member 

some pathways can be unique due to the preferential recruitment of specific effector 

proteins [13].  

The activation of the receptor is connected to major intracellular signaling 

pathways such as mitogen-activated protein kinase (MAPK), the phosphatidylinositol 

3-kinase (PI3K)–AKT, signal transducer and activator of transcription proteins 

(STATs), Src tyrosine kinase, and mammalian target of rapamycin (mTOR) pathways 

[19–23] (Figure 1.1). Collectively, these pathways affect cellular proliferation, 

inhibition of apoptosis, cell division, motility and adhesion, cell survival and invasion, 

cell cycle progression, and metastasis [13–15, 24]. 
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Figure 1.1 The activation of ERBB receptors and downstream signaling pathways in 

a tumor [13]. 

 

 

1.2.1 EGFR Signaling and Cancer 

The deregulation in the activation of ERB family of Tyrosine Kinase Receptor 

is implicated with many types of epithelial tumors [15] such as head and neck, breast, 

bladder, ovarian, renal, colon and NSCLC [19]. Receptor activation leads to the 

phosphorylation of intracellular downstream substrates that activate mitogenic 

signaling [15]. Many human cancers also harbor gene amplifications that lead to the 

overexpression of EGFR [25]. Moreover, constitutive activation of EGFR in tumor 

cells is also triggered by the EGF-related growth factor secretion by the tumor cells 

itself or tumor’s stromal cells [13]. In addition to wild type EGFR, another variant of 

EGFR, namely EGFR vIII, is also implicated with cancers like glioblastoma, breast, 

ovarian and NSCLC [26–29] . In gliomas, the loss of exons 1-7 of EGFR gene causes 
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in-frame deletion in the extracellular domain of the receptor that affects the receptor 

recycling, leading to its ligand-independent constitutive activation [30–32].  

1.2.2 EGFR-Targeted Therapy 

The dependency of many types of tumor on the EGFR signaling pathways for 

their growth and survival and their aberrant activation has encouraged the development 

of EGFR-targeted therapeutics. The dependency of tumor cells is reflected by the 

overexpression of EGFR on tumor cell compared to the normal cells. It is estimated 

that normal cells express 4x104 to 1x105 EGFR per cell while tumor cells can express 

more than 2x106 receptors per cell [33]. Currently, there are many available EGFR 

inhibitors in the clinics and they are mainly grouped into either monoclonal antibody 

(mAbs) directed against extracellular domain of EGFR or Tyrosine Kinase inhibitors 

[TKIs). Other therapeutics agents that target EGFR include antisense oligonucleotides, 

nanobodies, affibodies, peptides, antibody-drug conjugates, and EGFR-targeted drug 

delivery systems.  

Cetuximab is a chimeric mouse and human monoclonal antibody that binds to 

the extracellular domain of EGFR thereby preventing ligand binding and ligand-

induced tyrosine kinase activation and induction of receptor internalization [34–36] 

(Figure 1.2). The inhibitory effect of cetuximab is not only restricted to wild type 

EGFR as it can also bind to mutant receptor EGFRvIII and abrogate their activation 

and induce the internalization of the antibody-receptor complex [37].  
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Figure 1.2 Binding of anti-EGFR antibodies to the receptor’s extracellular domain. 

The binding of the antibodies blocking the ligand-binding region and preventing the 

receptor activation [18]. 

 

 

The anti-tumor activity of cetuximab, as shown in some preclinical studies, 

includes inhibition of tumor growth, inhibition of angiogenesis, reduction in tumor 

invasiveness, induction of cell cycle arrest, and apoptosis and increase in sensitivity to 

radio- and chemotherapy [38–42]. In 2004, cetuximab was approved by the Food and 

Drug Association (FDA) for the treatment of metastatic colorectal and head and neck 

cancer [43]. Later, it was also approved for treatment of colon cancer with non-mutated 

KRAS in 2009  [18]. 

  In addition to cetuximab, the fully humanized version of anti-EGFR antibody, 

panitumumab, has also been approved by FDA to treat the patients with metastatic 

colorectal cancer [18]. Panitumumab acts in a similar manner as cetuximab, blocking 

ligand-binding and inducing EGFR internalization [44] (Figure 1.2). However, it does 

not cause the receptor degradation [45]. 

In contrast to mAbs that block the binding of ligand of EGFR, TKIs directly 

inhibit the tyrosine kinase activity of the receptor which are involved in the activation 

of downstream signaling pathways [46]. TKIs may act by directly compete with ATP 

for binding to the kinase, or it can act in an allosteric manner. Currently available TKIs 

approved by the FDA include gefitinib for the treatment of metastatic non-small cell 

lung cancer (NSCLC), erlotinib for locally advanced or metastatic NSCLC, and 
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lapatinib in combination with capecitabine for the treatment of metastatic HER2-

overexpressing breast cancer refractory to chemotherapy [18].  

Despite of the clinical advantages of mAbs and TKIs, the tumor intrinsic or 

acquired resistance to these EGFR inhibitors due to mutations and amplifications of 

the EGFR gene is widespread [47]. Combination therapies such as combining different 

EGFR inhibitors, the use of inhibitors that target EGFR and other ERRBs receptor 

family’s members, or combining EGFR inhibitor and other agent that target signaling 

pathways responsible for the development of tumor malignancies are the current 

approaches to overcome this problem [18]. In addition to the combinatorial 

therapeutics approach of targeting EGFR, identification of the molecular markers 

which can predict the patients outcomes to anti-EGFR therapy is also necessary in 

order to improve the individualize therapy and reduce the treatment cost [18].  

For example, the presence of KRAS gene mutation was shown to negatively correlate 

with the response of patients with colorectal cancer to the therapy [48, 49]. 

 

1.3 Cyclooxygenase and Cancer  

Cyclooxygenases (COXs) are inflammatory enzymes required for the synthesis 

of prostaglandin (PG) H2 from arachidonic acid (Figure 1.3). PGH2 is then converted 

by tissue specific PGD synthases (PGDS) into different types of prostaglandins. There 

are two 2 isoforms of COXs, namely, COX-1 and COX-2. Unlike COX-1, which is 

expressed constitutively in many types of tissues, COX-2 is expressed transiently and 

induced by different kinds of ligand including cytokines, lipopolysaccharide (LPS), 

phorbol myristate acetate (PMA), and growth factors [50–52]. COX-1 is involved in 

the production of physiologically relevant prostaglandins; on the other hand, an 

increase in the expression and activity of COX-2 is seen in disease (e.g. cancer) and 

inflammation [53]. 

COX-2 is highly expressed in many different cancers including colorectal, 

breast, lung, head and neck, and prostate cancer [54–57] COX-2 overexpression 

happens at the early stages of carcinogenesis and acts as a prognostic marker [58], 

[59]. The expression of COX-2 in human cancer is also associated with the increase of 
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angiogenic and metastatic potential, inhibition of apoptosis, and cell proliferation [60–

62]. The tumor promoting activity of COX-2 mainly is related to the increase in the 

level of prostaglandins [(PGE2, PGF2a, PGD2, TxA2, PGI2 and PGJ2) [63], which can 

be inhibited by the Non-steroidal anti-inflammatory drugs (NSADs). The inhibition of 

prostaglandins is associated with analgesic and antipyretic properties of NSADs. 

Conventional NSADs such as aspirin, ibuprofen, and naproxen inhibit both COX-1 

and COX-2 while the new generations NSAIDs such as celecoxib, refocoxib, 

valdecoxibs, etoricoxib, lumiracoxib specifically inhibit COX-2.  

Recently, NSAIDs have been known and studied for their anti-tumorigenic and 

chemopreventive potentials [64]. For example, the use of aspirin and non-aspirin 

NSAIDs are reported to decrease the risk of colon cancer [65, 66].  

However, the prolonged use of conventional NSAIDS is associated with various side 

effects such as gastrointestinal tract bleeding and kidney failure, which may result 

from the inhibition of COX-1 [64].  

 

 

 

Figure 1.3 The arachidonic acids cascade (modified from [54]). 
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1.3.1 Celecoxib and Its Anticarcinogenic Effect 

To improve the safety of long term consumption of NSAIDs, more selective 

COX-2 inhibitors were developed. Celecoxib [CLX) (4-[5-(4-Methylphenyl)-3-

(trifluoromethyl)-1H-pyrazol-1-yl], a member of COXIBs drug family, was 

designated to relieve the symptoms of osteoarthritis and rheumatoid arthritis [67].  

Celecoxib is a selective COX-2 inhibitor with chemopreventive or anticancer 

properties in a variety of cancers including colorectal, breast, pancreatic, 

neuroblastoma, and head and neck cancers [68–72]. Interestingly, the antiproliferative 

properties of celecoxib are unique among the other members of drug family of 

COXIBs [73]. According to preclinical studies, celecoxib was shown to increase the 

tumor response to chemotherapy, radiotherapy, and chemoradiotherapy [74–77]. 

Currently, their anticarcinogenic effects have been tested for the treatment and 

prevention of different cancers such as pancreatic, breast, ovarian, non-small cell lung 

cancer and other human epithelial cancers [78]. In addition, celecoxib has also been 

approved as an adjuvant for the treatment of patients with familial adenomatous 

polyposis [79].  

The anticarcinogenic properties of CLX are partly attributed to the inhibition 

of COX-2 (COX-dependent) while in some cases can be COX-2 independent [79]. For 

example, COX-2 independent effect of CLX includes the induction of cell cycle arrest, 

induction of apoptosis, inhibition of angiogenesis, and decrease of the membrane 

fluidity and metastatic potential in vitro [79, 80]. The molecular targets of COX-2 

independent effects of celecoxib are various, and they range from transcription factors: 

cyclic adenosine monophosphate (cAMP)-dependent transcription factor (ATF)4, 

C/EBP-homologous protein (CHOP), Specificity proteins (Sp), Nuclear factor-kB 

(NF-kappaB); Cell signaling proteins: EGFR, E-cadherin, protein kinase B (Akt), 3-

phosphoinositide-dependent protein kinase-1; Cell cycle regulators : p21, cyclin-

dependent kinase inhibitors (p21), cyclins [64, 81, 82].  

The induction of apoptosis by celecoxib through mitochondrial apoptosis 

pathways is through the inhibition of anti-apoptotic proteins such as Bcl-2, Mcl-1 and 

survivin [78]. Therefore, celecoxib has the potential to be used as a single agent to 
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treat apoptosis resistant tumors with overexpression of Bcl-2, Mcl-1, or survivin or in 

combinations with other standard therapies [78].  

 

1.3.2 Crosstalk between COX-2 and EGFR Pathways 

COX-2 and EGFR are highly upregulated in wide variety of cancers [83]. 

Interestingly, a crosstalk between COX-2 and EGFR signaling pathways exists 

(Figure 1.4) and the increase of COX-2 expression can lead to an increase in EGFR 

activation and expression [82]. The crosstalk between (COX-2) and EGFR pathways 

can synergistically lead to the CRC progression and metastasis [82]. PGE2 that is 

generated from the COX-2 pathway can transactivate EGFR through intracellular 

signaling pathways [84].  PGE2 is known to promote colorectal carcinoma cell 

migration and invasion through an EGFR-PI3K-AKT signaling in vitro [85]. 

Furthermore, induction of an EP4/ARRB1/SRC complex by PGE2 

transactivates EGFR which in turn activates AKT signaling leading to stimulation of  

CRC cell migration in vitro and their  metastatic spread of to the liver in vivo [84]. 

Therefore, the synergistic effect of COX-2 and EGFR pathways and their positive 

feedback loop to promote cancer progression and metastasis rationalize the 

development of the combination therapy targeting both pathways.  
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Figure 1.4 The crosstalk between COX-2 and EGFR signaling pathway in colorectal 

cancer [82]. 

 

 

1.3.3 Combination of Targeted Therapy of the Epidermal Growth Factor 

Receptor and Cyclooxygenase-2 Pathways 

Using a single agent for cancer therapy may suffer from lack of adequate 

response from the patients because of the development of resistance or poor 

pharmacokinetic profiles of the drugs. Combining two or more different drugs/ classes 

of drugs for the treatment of cancer may significantly generate better outcomes. The 

rationale behind the combination of targeted cancer therapy is to reduce the emergence 

of resistant cells and fully enhance the cellular response [13]. Drugs that are used in 

the combination therapy should have non-overlapping toxicities to fully obtain the 

therapeutic benefit of the drugs and each of them should have an activity against the 

cancer when use as a single agent [8]. In addition, their mechanism of action should 

not be overlapping in order to minimize the inherited drug resistance [8]. 

The use of Cetuximab either as a single agent or in combination with irinotecan 

or other chemotherapeutic drugs has shown a little success for the treatment of patients 
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with metastatic colorectal cancer [82]. The reason might be related to the redundancy 

of EGFR signaling pathways or the transactivation of alternative signaling pathways 

that reduce the therapeutic benefit of the drugs [82]. In addition, the expression of 

EGFR is not a good predictor for the patient’s response to the therapy, the presence 

KRAS, BRAF and PI3K mutations and their expression in the patients is valuable to 

identify the patients that will benefit from the therapies [12]. For example, KRAS 

mutation in patients with metastatic colorectal cancer diminished the response of the 

patients to the anti-EGFR therapies [86].   

Targeting complementary pathways can provide a better option for the 

treatment of   cancer. It has been shown that the inhibition of both COX-2 and EGFR 

was able to prevent intestinal adenomas and reduce xenograft tumor volume [87]. 

Some clinical trials are still on going to test the efficacy of combination therapy 

targeting of EGFR (tyrosine kinase inhibitor small molecule drugs and anti-EGFR 

MAbs) and COX-2 pathways in cancer patients. However, a phase II clinical trial of 

dual blockade of EGFR and COX-2 using cetuximab and celecoxib, respectively, in 

patients with metastatic colorectal cancer had shown disappointing results since the 

combination treatments could not improve the clinical outcome of single treatments 

[88]. The unexpected results of the clinical trial could have been resulted from the low 

local dose of celecoxib in the tumor site, thereby reducing the potential 

anticarcinogenic activity of celecoxib (e.g. COX-2 independent effect).  

Drug delivery system can be an alternative solution to the problems since it 

increase the bioavailability of the drug by protecting the drug from premature 

degradation and enhance their uptake, maintain the drug concentration within their 

therapeutics window, and reducing their side effect by specifically delivering the drug 

to the disease site and target cells [89]. 

1.4 Controlled Drug Delivery Systems and Targeting 

Current research in the field of pharmaceutics has been focused in the 

development of controlled release formulation and drug delivery systems to achieve 

controlled release of therapeutics drugs [90]. Controlled released systems are designed 

to control drug exposure over time, enhance the drug penetration across physiological 
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barriers, protect the drug from premature elimination, and target the drug to site of 

action. In addition, it also increases the patient compliance by minimizing the 

frequency of drug administration for the prolonged disease treatment [91].  Several 

drugs need to be delivered continuously for a period of time to maintain their 

therapeutic concentration and to reduce any side effect due to rapid delivery [92]. In 

the paper published by Park [93], the time points of evolution of controlled drug 

delivery technology was described. Controlled drug delivery technology was initiated 

in 1952 where the first controlled release formulation was introduced. The first 

generation of drug delivery systems mainly focused on the mechanisms of drug release 

such as dissolution, diffusion, osmosis, and ion exchange. The second generation of 

drug delivery systems moved toward the generation of delivery systems with zero-

order release kinetics that maintain constant drug concentration in the blood. However, 

later, it was found that the constant drug concentration in the blood is not necessary 

for a drug to have an efficacy as long as the drug concentration is above the minimum 

effective drug concentration and lower than their minimum toxic concentration in 

order not to have a drug-associated toxicity (Figure 1.5). The early products of the 2nd 

generation included nanotechnology-based drug delivery systems such as smart 

polymers and hydrogels, biodegradable microparticles, solid implants, and in situ gel-

forming implants  [93]. 

 

1.4.1 Nanoparticle Drug Delivery System 

The field of cancer nanotechnology has allowed the development of 

nanocarrier/nanoparticle systems containing cancer therapeutic drugs with a minimal 

toxicity to the healthy tissues and delivered more specifically to the tumor [94–97].   

Organic nanomaterial (Figure 1.6A) such as liposomes, polymeric 

nanoparticles, micelles, nanogels, dendrimer, and inorganic nanomaterials (Figure 

1.6B) such as magnetic nanoparticles, mesoporous silica, gold nanoparticles, and 

quantum dots are the examples of nanoparticles that are potentially used as a drug 

delivery systems [98].  
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Figure 1.5 The drug is effective as long as its concentration in the blood is above the 

minimum effective concentration regardless of the pharmacokinetic profiles [93]. 

 

 

The versatility of nanoparticles as drug carrier is mainly because of the ability 

to control the physical and chemical properties as well as the biocompatibility by 

which the system will be able to improve the overall profile of therapeutics drug such 

as bioavailability, plasma solubility, toxicities, and pharmacokinetics. Several 

modifications on the nanomaterial physical and chemical properties during their 

formulation may be employed in order to deliver drugs specifically to the dynamics 

tumor microenvironment so that the drug therapeutic efficacy and toxicity profiles are 

improved [99]. Such modifications may include the alteration in the surface to volume 

ratio, size, shape, surface’s charge, the addition of stimuli-responsive properties, and 

functionalization with targeting ligand (e.g. antibodies) in order to target specific sites, 

protect from the blood clearance, and other functionalities [99]. 

 

1.4.2 Cancer Targeting 

1.4.2.1 Passive Targeting 

Delivery of anticancer drugs can be done either locally or systematically. Local 

drug delivery is aimed to reach high amount of therapeutic drug directly to the 

localized site in the body for an extended period of time while reducing the systemic 
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toxicities by minimizing the exposure to the off target sites [100]. Compartments such 

as bladder, peritoneum, brain, eye and skin are known to be the sites where drugs may 

be administered locally [101]. However, the majority of anticancer drugs are 

administered systematically, which allows for both the treatment of micrometastatic 

disease and control the local malignancy at the same time [102]. However, this means 

that normal tissues are also exposed to the drugs. Therefore, the great efforts are being 

made to improve the systemic delivery of drugs [102]. 

 

 

 

Figure 1.6 Nanoparticles for drug delivery. (A) Organic nanomaterials and (B) 

Inorganic nanoparticles [98]. 

 

 

In the 1980s, Matsumura and Maeda proposed the concept of Enhanced 

Permeability and Retention (EPR) effect that became the foundation of cancer 

targeting by nanoparticle drug delivery systems [103, 104]. Drugs within the 

nanoparticles with a defined size that are administered systematically can passively 

accumulate in the tumor site by the EPR effect (Figure 1.7A). It is known that a solid 

tumor for a given size secretes growth factor that promotes rapid angiogenesis leading 

to the formation of irregular blood vessel [105, 106] with fenestration sizes ranging 
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from 200 nm to 2000 nm [107]. The enhanced permeation is attributed to the fact that 

the fenestration will allow the extravasation of any blood components to the tumor 

sites from the general circulation [108]. On the other hand, the retention and 

subsequent accumulation of the nanoparticles in the tumor tissue can be attributed to 

defects in lymphatic drainage and their large size that prevent it from diffusing back 

into the circulation [108, 109]. 

EPR effect might be improved by changing the properties of tumor biology 

[108]. For examples, the modification of  tumor microenvironment by remodeling 

extracellular matrix with injected enzymes was able to enhance the tumor distribution 

of macromolecules and nanomaterial as it increase the intratumoral mobility of the 

colloids [110]. In addition, other methods that modify the perivascular environment 

have also been attempted [111]. 

Apart from the tumor biology properties, the nanoparticles’ physicochemical 

properties such as blood resident time, size, charge, shape, and the surface properties 

also affect the EPR effects [108]. The size of the nanoparticle needs to be smaller than 

the size of the fenestration in order to extravasate. Moreover, the density of collagen 

may hinder the tumor penetration of particles larger than 60 nm in diameter [112]. 

However, larger particles can have a similar tumor penetration as the smaller ones at 

extended times [113, 114]. In addition, negatively charged surface may increase, 

decrease or not affect the blood clearance of nanoparticles [115–120]. On the other 

hand, positively charged surface will increase the plasma clearance of the nanomaterial 

[121, 122]. The shape of nanoparticles can also influence their interaction with 

mononuclear cells [123, 124]. For instance, single-wall carbon nanotubes with high 

aspect ratio are cleared by the kidney efficiently although the dimensions are higher 

than the glomerular filtration threshold [125]. In addition, elongated plant-originated 

viral nanofilaments are highly accumulated in the tumor compared to the spherical 

counterpart [126]. 

Preferential accumulation of macromolecules/nanoparticles in the tumor sites 

due to the EPR effect has been reported in several publications. PEGylated liposomal 

formulation of Doxorubicin (Doxil™) was reported to have a 4–16-fold higher tumor 

deposition compared to free doxorubicin 3 to 7 days after the administration [127, 
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128]. The higher accumulation of doxorubicin of the liposomes can be attributed to 

the ability of the PEGylated liposomes to prolong the residence time of the doxorubicin 

in the blood and therefore, allowing more doxorubicin to accumulate in the tumor 

[129].  

 

 

 

Figure 1.7 Cancer Targeting. Targeting nanopreparations to tumors via (A) Passive 

(the EPR effect) and (B) active (receptor mediated ) targeting [130]. 
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1.4.2.2 Active Targeting 

Passive targeting only brings the nanoparticles, typically with size smaller than 

200 nm in diameter, around the tumor interstitium; where the question of specificity 

remains. Grafting or attaching the targeting ligands such as antibodies, proteins, 

peptides, nucleic acids, sugars, and other small molecules [131] to the surface of 

nanoparticles will potentially increase the selectivity and cellular interaction of cancer 

cells with the nanoparticles, which in turn increases their therapeutic efficacy.  This 

ligand-mediated targeting of nanoparticles involving the attachment of affinity ligand 

on the nanoparticles surface, called as active targeting, enhances the affinity of the 

particles to the cancer cells, prolong the tumor residence time as well as mediate the 

efficient uptake of drugs containing nanoparticles through the receptor mediated 

endocytosis (Figure 1.7B) [84]. Molecules which are recognized by the targeting 

ligands include surface molecules or receptors overexpressed in diseased organs, cells 

or subcellular domains [132–134]. A single nanoparticle may contain multiple copies 

of the ligand which increase the avidity of the nanoparticles to their targets [108]. 

However, in order to interact efficiently, the nanoparticles should be in a close 

proximity to their target which is usually in the extravascular space of the tumor and 

therefore it still requires the EPR effect to reach the targets [135, 136]. Moreover, it 

has also been shown that the active targeting strategies do not change the overall 

biodistribution profiles of the nanomaterial [137, 138]. 

Liposomes decorated with anti-HER2 antibodies on the surface have higher 

internalization to HER-2 expressing cancer cells compared to the non-targeted 

liposomes [138]. As another example, unlike non-targeted liposomes or non-specific 

immunoliposomes, EGFR-targeted immunoliposomes derived from Fab’ fragments of 

C225 (Cetuximab) were efficiently bound and internalized in EGFR-overexpressing 

cancer cells and EGFRvIII stable transfectants [139]. In addition, cellular 

internalization can also further be improved by combining different targeting ligand 

on the surface the nanoparticles to target multiple receptors. For example, gold 

nanoparticles containing dual-ligand targeting (folic acid and glucose) had several fold 

higher cellular internalization in cancer cells expressing high folate receptor compared 

to the gold nanoparticles with single targeting ligand [140]. 
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Physicochemical properties of the nanoparticles containing targeting ligand 

such as density of targeting ligand, size and shape of nanoparticles, surface and ligand 

charge and surface hydrophobicity are important in mediating interactions with target 

cells [108]. In vitro studies showed that increasing ligand density was followed by an 

increase in cellular uptake [141]. This might happen because the binding of a ligand 

to its receptor enhances the binding to nearby ligands [142]. However, the extent in 

improvement of cell binding was found to be maximum at intermediate ligand density 

and higher ligand densities may affect the cell binding negatively [143]. In fact, 

immunoliposomes with high density of intact antibodies as the targeting ligand were 

cleared faster from the circulation and their localization in the target tissue might 

decrease [144].  

Size or shape of the ligand targeted nanoparticles may influence the extent of 

cellular internalization [145,146] or the ligand functionalization [136]. The charge of 

the unfunctionalized nanoparticles and the ligand may affect their conjugation as well 

as the ligand orientation on the surface [147]. In addition, the overall charge of the 

particles might also influence the cellular binding and uptake [148]. Besides the overall 

charge, surface hydrophobicity of the nanoparticles can also affect non-specific 

interactions with cells [108]. The grafting of hydrophilic polymer like polyethylene 

glycol (PEG), for example, can increase the surface hydrophilicity of the nanoparticles. 

The protective layer by PEG surface-functionalization is known to slow down the 

binding of opsonins and therefore the clearance of liposomes [149, 150]. On the other 

hand, protein adsorption on sterically unprotected ligand targeted nanoparticles can 

demise their substrate-binding capacity [151]. 

 

1.5 Liposomes as a Drug Delivery System  

Liposomes (Figure 1.8), lipid bilayered vesicles, are spherical structures with 

an aqueous compartment in the core and a phospholipid shell surrounding the core. 

The concept of liposome as a pharmaceutical carrier began 40 years ago when Alec 

Bangham observed that phospholipids in aqueous solution can form closed bilayers 

structure [152]. Liposomes have been used as a model of biological membrane as well 
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as delivery vesicles and controlled release systems of various agents including drugs, 

diagnostics, nutraceuticals, minerals, food material and some cosmetics [153].  

 

 

 

Figure 1.8 Hydrophilic and hydrophobic drugs can be encapsulated within a liposome  

[154]. 

 

 

As a drug delivery system liposomes offer many advantages over several other 

delivery systems. Liposomes are biocompatible, biodegradable, little or no toxic, non-

immunogenic, and they have the ability to incorporate hydrophobic and hydrophilic 

drugs [154]. The hydrophobic drugs can be incorporated within the liposomes 

membrane while the hydrophilic drugs can occupy the aqueous compartment of the 

liposomes. In addition, as many other drug delivery systems, liposomes also improve 

the pharmacokinetics and pharmacodynamic profiles of the entrapped-drugs, act as a 

controlled release system of the drugs, and minimize the systemic toxicity of the 

associated free drugs [154]. The physical entrapment of the drugs protect them from 

premature degradation in the blood circulation and therefore prolong their half-life 

with a subsequent increase in bioavailability and therapeutic efficacy. The significant 

lowered systemic toxicity and improved therapeutic efficacy of the drugs entrapped 
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within the liposomes are well documented. For example, liposome-encapsulated 

doxorubicin (DOXIL) significantly enhanced tumor targeting, lowered the cardiac 

toxicity of doxorubicin, and improved patient survival and quality of life [155, 156]. 

 

1.5.1 Classification and Evolution of Liposomes 

Based on the size and number of lamellae, liposomes can be classified into 

Small Unilamellar Vesicles [SUV), Large Unilamellar Vesicles, and Multilamellar 

Vesicles (MLV).  The size of liposome can vary between 80 nm or less to greater than 

1 µm in diameter: SUVs are single layer vesicles and below 100 nm in diameter, LUVs 

are single layer vesicles with diameters greater than 100 nm and less than 800 nm, and 

MLVs range from 500 nm up to 5000 nm in diameter and consist of several concentric 

bilayers [91] (Figure 1.9). 

 

 

 

 

Figure 1.9 The schematic illustration of liposomes based on different size and number 

of lamellae. SUV : small unilamellar vesicles ; LUV : large unilamellar vesicles ; MLV 

: multilamellar vesicles [157]. 
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Modification on the surface of the liposomes can generate liposomes with 

various functionalities for different applications (Figure 1.10).  The aim of the 

modification mainly is to increase the life time of liposome in the blood circulation, 

target the liposomes to specific organelles, cells, or tissues, and provide other 

functionalities such as stimuli sensitivity and imaging. 

The early liposomes produced contained a phospholipid bilayer without any 

polymers or targeting ligands attached (Figure 1.10A). However, these conventional 

liposome showed rapid clearance from the blood by Reticuloendothelial System (RES) 

[158]. 

In an attempt to increase the longevity of liposomes in the circulation, grafting 

of a biocompatible polymer such as polyethylene glycol (PEG) was done (Figure 

1.10B) [150]. Steric coating of liposomes with PEG could prolong their half-life by 

allowing the liposomes to evade from detection of the immune system [97, 155]. For 

example, PEGylated liposomal vincristine  (Marqibo,  Talon  Therapeutics,  Inc.) has 

a 40-60 fold reduction in their clearance rate compared to the free vincristine [159]. 

Additionally, compared to the free doxorubicin, PEGylated liposomal formulation of 

doxorubicin (Doxil) showed a 100-fold increase in the clearance half-life [97] 

 

 

 

 

Figure 1.10 Evolution of liposomes. (A) Plain liposome, (B) Long-circulating 

liposome grafted with a protective polymer (i) such as PEG, (C) Ligand-targeted 

liposomes. (D) Stimulus-sensitive immuno-targeted liposomes with mAbs attached to 

long-chain PEG via stimuli-sensitive bonds (iii) [134]. 
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Like other nanoparticles, targetability and selectivity of liposomes can further 

be improved by attaching targeting ligand on it (Figure 1.10C).  The targeting ligand 

can be attached to the distal ends of the protecting polymer such as PEG which can 

minimize steric hindrance for the binding to the target [152, 160]. Actively targeted 

liposomes can be generated by conjugating targeting ligand such as small molecules, 

peptides, and monoclonal antibodies on the surface of liposomes [148]. The targeting 

ligand also functions to increase the tumor targeting and facilitate intracellular delivery 

of liposomes present in the tumor interstitium [161].  

Liposome internalization through endocytosis pathways is dependent on their 

size, shape, surface charge, and composition [162, 163]. The targeting ligands 

especially mediate the uptake of liposomes through receptor-mediated endocytosis 

(Figure 1.11) [162] and the increase of cellular uptake in cancer cells, mediated by the 

active targeting, is achieved through the presence internalizing and the overexpression 

of surface receptor [154]. 

 

 

 

Figure 1.11  Surface receptor-mediated endocytosis [154]. 
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1.5.2 Immunoliposomes for Cancer Therapy  

The conjugation of antibodies that recognize receptors or antigens on the cell 

to the surface of liposomes for generating immunoliposomes (ILs) is a widely used 

strategy to actively target liposomes to the tumor sites. Among the immunoglobulin 

classes, IgG is the most widely used for functionalization of liposomes. Whole 

antibodies, half-IgG, Fab’ fragments, and single chain antibodies (ScFv) can be 

activated and conjugated either directly to the phospholipids or other linkers (such as 

PEG) on the surface of liposomes [164, 165] . For example, conjugation between 

antibodies containing thiol group and maleimide functionalized-PEG on the liposomes 

surface readily generates stable thioether bond between the liposomes and the 

antibodies [145, 166]. 

Generally, the targeted drug delivery with immunoliposomes starts with the 

transport of immunoliposomes from the site of administration to the target cells and 

followed by the specific binding and the delivery of therapeutics drugs to the target 

cells [167]. It is presumed that 6 Fab′ fragments per liposome was sufficient to 

endocytose 55-60% of the cell-associated anti-HER2 immunoliposomes into HER2-

overexpressing cells while the optimum ligand density for efficient delivery of anti-

HER2 immunoliposomes was seen at density of 40 Fab′ fragments per vesicle [166]. 

Receptors such as EGFR and HER-2 are overexpressed in many tumors, and are 

therefore used to target immunoliposomes selectively to tumor cells. For example, 

HER-2-targeted immunoliposomes successfully increased the tumor delivery and 

therapeutic efficacy of liposomes containing doxorubicin in mouse xenograft models 

with HER-2 overexpression [168, 169]. In another study, doxorubicin-loaded 

immunoliposomes containing EMD72000 (a humanized anti-EGFR monoclonal 

antibody) were efficiently bound and internalized in different colorectal cancer cells 

with EGFR overexpression compared to the corresponding non-targeted or non-

specific immunoliposomes [170]. In a related study, immunoliposomes with anti-

CD19 mAbs or its Fab’ fragments as the targeting ligand significantly enhanced the 

targeting and therapeutic efficacy of doxorubicin in mice model bearing a human 

CD19+ B-lymphoma [171, 172].  
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Clinical trials have been conducted with different immunoliposome 

preparations. For example, MCC-465, immunoliposomes that are targeted to gastric 

cancer cells, have been shown to have acceptable biodistribution and provide efficient 

targeted delivery to stomach cancer cells [173]. SGT-53, a transferrin-targeted 

liposomal formulation containing the p53 gene [174] has resulted in significant growth 

inhibition of tumors such as head and neck, prostate, and breast in a phase I trial [175].  

In another phase 1 dose-escalation study, cetuximab decorated PEGylated DOX 

(Doxil®/Caelyx®) liposomes were shown to have clinical activity, including 1 with a 

complete response out of 29 patients, and it was reported that the liposomes may 

potentially progress to phase 2 clinical study [176]. 

The development cost of targeted nanomedicine is much higher compared to 

the non-targeted liposomes [135]. For antibody conjugated nanoparticles, it is difficult 

to maintain the protein stability in face of environmental challenges. Additionally, the 

reproducibility for scale up production, the stability and the shelf-life as well as the 

cost/efficiency of the preparation are also challenging [108]. 

 

1.6 Aims of the Study 

Deregulation in the of Epidermal Growth Factor Receptor (EGFR) signaling 

pathway is associated with the development of a wide range of human cancers 

including  head and neck, breast, bladder, ovarian, renal, colon, non-small cell lung 

cancer. The expression of Cyclooxygenase-2 (COX-2) is associated with bad 

prognosis in different cancers and can increase the angiogenic and metastatic potential, 

inhibit apoptosis, and enhance cell proliferation [60–62] .  Interestingly, the crosstalk 

between COX-2 and EGFR signaling pathways exists and the increase of COX-2 

expression can lead to the increase of EGFR expression and vice versa. Therefore, 

targeting these two complementary pathways can be a strategy for cancer therapeutics.  

However, a phase II clinical trial of dual blockade of EGFR and COX-2 with 

cetuximab and celecoxib, respectively, in patients with metastatic colorectal cancer 

had shown disappointing results since the combination treatments could not improve 

the clinical outcome of single treatments [88]. Drug Delivery System can be an 
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alternative solution to the lack of clinical outcome since it can increase the 

bioavailability of the drug by protecting it from premature degradation and enhance 

uptake, maintain the drug concentration within the therapeutic window, and reduce 

any side effect by specifically delivering the drug to the disease site and target cells 

[89] .  

Liposomes are a good candidate as a delivery system for celecoxib; owing to 

its hydrophobicity, celecoxib can be incorporated within the bilayer. Our group has 

previously shown that high CLX encapsulation can be successfully achieved in 

different formulations of MLVs and LUVs and the drug was shown to have a sustained 

release profile from the liposomes, implying the feasibility of a liposomal drug 

delivery system for CLX [177, 178]. In addition, our group has also shown that non-

targeted long circulating liposomes containing CLX can have a functional effect 

against colorectal cancer cell lines in vitro [178]. Liposomes with a defined size, 

typically less than 200 nm, are passively accumulated in the tumor interstitial through 

Enhance Permeability and Retention Effect [155, 179]. However, tumor targeting 

properties of the liposomes can further be improved by attaching targeting ligands such 

as antibodies or antibody fragments on their surface [161, 165]. 

 

The aim of the study can be summarized as: 

1. To develop and characterize the EGFR-targeted immunoliposomes for targeted 

delivery of celecoxib in cancer cells.  

2. To study the internalization and cytotoxicity of the immunoliposomes in cancer 

cell lines with varying expression of EGFR and COX-2.  
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CHAPTER 2  

 

MATERIALS AND METHODS 

 

 

2.1 Materials 

Celecoxib was purchased from Santa Cruz Biotechnology (Texas, USA) 

(Figure 2.1) [180]. Phosphatidylcholine (1,2-Distearoyl-sn-Glycero-3-

Phosphocholine, 18:0, DSPC), Cholesterol  (ovine wool, >98%), 18:0 mPEG(2000)-

DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000) and DSPE-PEG(2000) Maleimide (Figure 2.2), mini-extruder set, filter 

supports and Nucleopore Track-Etch Polycarbonate (PC) membranes (100 nm) were 

obtained  from Avanti Polar Lipids  (Alabaster, Alaska). SP-DiOC18(3) were the 

products of Invitrogen (Carlsbaad, California).  Lissamine™ Rhodamine B 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt  

(Rhodamine DHPE or Rh-PE) were obtained from Invitrogen (Carlsbaad, California). 

SlowFade® Gold antifade reagent was purchased from Invitrogen (Oregon, USA). 

Cysteamine hydrochloride (2-MEA) was purchased from Applichem (Darmstadt, 

Germany). Mouse IgG (free of azide and BSA, lyophilized) were obtained from 

Sigma-Aldrich (St Louis,USA).  Anti-EGFR monoclonal antibody (chimeric mouse–

human IgG1 clone C225; free of azide and BSA) was either purchased from Thermo 

Scientific, Pierce Protein Research Products (Rockford, IL USA) or LifeSpan 

BioSciences, Inc (Seattle, WA USA). Chloroform and methanol were obtained from 

Merck (Munich, Germany). MTT reagent (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium  Bromide) was purchased from Invitrogen (Carlsbaad, 

California). Zeba™ Spin Desalting Columns were obtained from Thermo Scientific, 

Pierce Protein Research Products (Rockford, IL USA). Ultra filtration device 

(VivaSpin2) with MWCO 300 kDa membrane was purchased from Sartorius 
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(Goettingen, Germany). PuradiscTM sterile 0.2 µm Polyethersulfone (PES) filters were 

purchased from Whatman Inc (New Jersey, USA).  

Human colon cancer cell line HCT-116 was purchased from German 

Collection of Microorganisms and Cell Cultures (DSMZ, Germany) and SW-620 were 

purchased from American Type Culture Collection (ATCC, USA). MDA-MB-468 

(MDA-468) was kindly provided by Assoc. Prof. Dr. Elif Erson from METU, 

Department of Biological Sciences, Ankara, Turkey. Human colorectal carcinoma cell 

line HT-29 was purchased from ŞAP Enstitüsü (Ankara, Turkey). Cell culture media 

and supplements were obtained from Biochrom (Berlin, Germany). Cell culture grade 

plasticware was obtained from Greiner Bio-One GmbH (Goettingen, Germany).  

 

 

Figure 2.1 Chemical Structure of Celecoxib [180]. 
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Figure 2.2 Chemical structures of DSPC, Cholesterol, DSPE-mPEG(2000), and 

DSPE-PEG(2000) Maleimide [181]. 

 

 

2.2 Methods 

2.2.1 Preparation of Liposomes 

2.2.1.1 Preparation of Unilamellar Liposomes (LUV) 

Liposomes were prepared with thin lipid film hydration method [182]. The 

liposomes were composed of DSPC, CHOL, mPEG(2000)-DSPE (molar ratio 100: 10 

: 4)  and 7 mol% of Celecoxib (CLX) relative to  the total mole number of liposome 

components. DSPC, cholesterol, mPEG(2000)-DSPE and CLX were dissolved in 

chloroform to prepare stock solutions and mixed according to the proportion in round 

bottom Polypropylene (PP) tubes.  A stream of argon was used to evaporate 

chloroform to form a thin lipid film and the residual chloroform was removed by 

keeping the tubes overnight under vacuum at 100 mbar in HETO-spin vac system 

 

DSPC 

 

Cholesterol 

 

DSPE-mPEG(2000) 

 

DSPE-PEG(2000) Maleimide 
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(HETO, Allerod, Denmark). The lipid films were then flushed with argon and stored 

at 4oC. Lipid films were hydrated with 1 mL PBS (0.1 M, pH 7.4) for 6 cycles of 4 

min heating and vortexing to form MLVs. MLVs were then extruded through 100 nm 

PC membrane (Avanti Polar Lipids, USA) using a mini-extruder set (Avanti Polar 

Lipids, USA) at least 15 times to form LUVs (Figure 2.3). The extrusion was carried 

out at 75°C (above the transition temperature of DSPC at 56°C) after the equilibration 

of liposome suspension at 75oC on a heating block provided in the mini extruder set 

for 10 min. During the extrusion, temperature was maintained at 75°C by putting the 

heating block on a heater. After the extrusion, the clear liposome suspensions were 

allowed to re-anneal at 75°C in a water bath for at least 1h. The resulting unilamellar 

liposomes were purified from un-encapsulated celecoxib using an ultrafiltration device 

(VivaSpin2) with MWCO 300 kDa membrane (Sartorius, Germany) following the 

manufacturer’s instructions. The purified liposomes were then diluted with PBS (0.1 

M, pH 7.4) or complete cell culture medium to obtain 8-10 mM liposomes. For cell 

culture studies, liposomes diluted with cell culture medium were filter sterilized 

through sterile 0.2 µm Polyethersulfone (PES) filters (Whatman Puradisc). Aliquots 

were withdrawn and dried completely under overnight vacuum at 100 mbar in HETO-

spin vac system (HETO, Allerod, Denmark) for quantification of CLX and DSPC. The 

final liposome suspensions were stored at 4°C for further experiments and used up 

within 1 week. 

 

 

 
 

A B 

Figure 2.3 Unilamellar vesicles preparation by extrusion method. (A) Mini extruder 

set for liposome preparation. ( B ) Liposomes suspension is extruded through PC 

membrane to produce large unilamellar vesicles [157]. 
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For confocal microscopy and flow cytometry, 0.5 mol % of rhodamine labeled 

lipid Rh-PE and 0.3 mol % of SP-DiOC18 (3) relative to the total phospholipids were 

incorporated into the liposome formulations, respectively (please see Section 2.2.1.b 

for the preparation of immunoliposomes). The liposomes were purified from the 

excess dye by ultrafiltration using a MWCO of 300 kDa (VivaSpin2). All the 

procedures involving fluorescence-labeled dyes were carried out in the dark. 

 

2.2.1.2 Preparation of Immunoliposomes 

Mouse IgG was used to optimize the preparation of immunoliposomes, their 

characterization and release of CLX. The monoclonal anti-EGFR mouse IgG (clone 

C225) was used for confocal microscopy, flow cytometry, and cell cultures study of 

the immunoliposomes.  

For the preparation of immunoliposomes, mPEG(2000)-DSPE and DSPE-

PEG(2000)Maleimide were included in the lipid film as 3 mol% and 1 mol% of total 

phospholipids, respectively, in order to form maleimide functionalized LUVs. The 

lipid film was hydrated with HBS (HEPES buffered saline: 20 mM HEPES, 140 mM 

NaCl. pH: 7.4) and the subsequent steps to prepare the maleimide functionalized LUVs 

were as described in Section 2.2.1.1. However, the purification of the 

immunoliposomes from un-encapsulated CLX and un-conjugated antibodies were 

carried out after the conjugation of antibodies to the surface of LUVs. 

Immunoliposomes were prepared by conjugating a half-IgG to the preformed 

maleimide functionalized unilamellar liposomes. Mouse IgG (200μg) or monoclonal 

anti-EGFR mouse IgG (clone C225) was reduced with the mild reducing agent 2-MEA 

at 37°C in order to form half IgG with a free –SH group (Figure 2.4) [183]. The 

reaction was carried out in deoxygenated HBS/EDTA (10 mM EDTA) in order to 

preserve the reduced ends from metal catalyzed oxidation. For the optimization 

process, mouse IgG was reduced with a range of concentrations of 2-MEA from 25 

mM to 100 mM. The effect of the reaction duration was also evaluated by changing 

the reaction duration from 30 min to 90 min.  
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Figure 2.4 2-MEA selectively reduce disulfide bond in the hinge region of IgG [183].  

 

 

As a positive control, the IgG was fully reduced with β-mercaptoethanol and 

boiled to separate their heavy and light chains. The reduced IgG fragments were then 

visualized by Coomassie blue staining after separation by SDS-PAGE.  

For preparation EGFR-targeted immunoliposomes, 200 µg anti-EGFR antibody was 

reduced with 75 mM 2-MEA at 37oC for 90 min in a thermocycler. To remove the 

reducing agents, a Zeba Desalting column (Thermo Scientific) with MWCO of 7 kDa 

was pre-equilibrated with HBS/EDTA (EDTA 10 mM) followed by passing the 

reduced IgG mixtures. 

The conjugation of the antibody fragments to the liposomes was carried out by 

overnight incubation of the purified reduced IgG fragments with 10 mM pre-formed 

maleimide functionalized unilamellar liposomes at 4oC (Figure 2.5) [184]. The un-

conjugated antibodies, un-encapsulated celecoxib and other unincorporated 

components of liposomes were removed from the immunoliposome suspension by 

ultrafiltration (VivaSpin2). The purified liposomes were diluted with complete cell 

culture medium to obtain 8-10 mM of liposomes and filter sterilized through sterile 

0.2 µm Polyethersulfone (PES) filters (Whatman Puradisc). The liposomes were then 

stored at 4°C for further experiments. 
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Figure 2.5 Conjugation reaction of maleimide reactive group on a crosslinker and 

sulfhydryl group on protein generate a stable thioether bond [184]. 

 

 

2.2.2 Quantification of Celecoxib  

Celecoxib was quantified by either spectroscopic methods or by HPLC.  

 

2.2.2.1 Spectrophotometric method  

Aliquots of liposome samples were initially dried completely under vacuum. 

The dried samples were dissolved in chloroform and their absorbance was measured 

at 257 nm. Pure chloroform was used as blank and the concentration of celecoxib was 

determined from the previously constructed celecoxib calibration curve in chloroform 

(range: 5-15 µg/mL) (Figure A.1)  

 

2.2.2.2 HPLC Method  

Celecoxib released from the liposomes into PBS was measured by a modified 

HPLC method [185]. Samples from PBS media were withdrawn and dried completely 

under vacuum and then dissolved in pure methanol and filter sterilized through 0.45 

µm filters before injection.  All samples were analyzed within 8h after reconstitution 

in methanol. A Shimadzu HPLC equipment and Inertsil ODS-3 C18 column (5µm x 

250 mm x 4.6 mm) were used with 85:15 (v/v) methanol:water as mobile phase at a 

flow rate of 0.8 ml/min. Detection was performed at 254 nm at 25°C (ambient 

temperature). The amount of celecoxib was then measured from a previously 

constructed calibration curve in pure methanol (Figure A.2).  
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2.2.3 Quantification of Phospholipids (DSPC)  

DSPC was measured by a direct estimation of phospholipids [186]. Aliquots of 

liposomes were dried completely under vacuum. The dried samples were redissolved 

and diluted in chloroform.  Ammonium ferrothiocyanate solution was added to the 

samples (1:1 v/v) and mixed by vortex mixing for 20 seconds. After that, the mixture 

was spun at 300 x g for 5 min. The red lower layer (chloroform) phase was withdrawn 

and the absorbance was measured at 485 nm and DSPC calibration curve (range: 5-50 

µg/ml) constructed in chloroform was used for determining the amount of 

phospholipids (Figure A.3). 

 

2.2.4 Characterization of Liposomes  

2.2.4.1 Particle Size Analysis  

Liposome size distributions of were determined by dynamic light scattering 

(DLS) using Zeta sizer NanoZS (Dr Irem Erel, METU Chemistry Department). 

Unilamellar liposomes or immunoliposomes samples (10 mM) were diluted 1:5 with 

PB (0.1 M, pH 7.4) and the measurement was carried out after the incubation for 1 min 

at 25°C 

The hydrodynamic diameters liposomes were reported as Zavg and the PdI 

value indicated the homogeneity of the sizes of the particles. PdI <0.2 indicates a 

homogenous liposome population. 

2.2.4.2 Surface Charge Analysis 

Zeta potential was determined by Laser Doppler Electrophoresis using zeta 

sizer NanoZS (Dr Irem Erel, METU Chemistry Department) to assess the surface 

charge of liposomes. 10 mM unilamellar liposomes or immunoliposomes samples 

were diluted 1:2 with PB (0.1 M, pH 7.4) and the measurements were carried out under 

ambient conditions. 
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2.2.4.3 Drug Encapsulation Efficiency and Drug Loading  

50 uL of aliquot of liposomes was allowed to dry under vacuum by using the 

HETO-spin vac system (HETO, Allerod, Denmark). The dried samples were dissolved 

in chloroform by vigorous vortex mixing. The CLX and DSPC amounts were 

calculated using methods that have been described in Sections 2.2.2.1 and 2.2.3, 

respectively.  

Drug encapsulation efficiency was calculated as: 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ( % )  =  
𝐶𝐿𝑋 𝑖𝑛 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠 ( 𝑚𝑔 )

𝐶𝐿𝑋 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑  ( 𝑚𝑔 )
 × 100 

 

Drug Loading was calculated as: 

𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 ( % ) =  
𝑚𝑜𝑙 𝑜𝑓 𝐶𝐿𝑋 𝑖𝑛 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠

𝑚𝑜𝑙 𝑜𝑓 𝐷𝑆𝑃𝐶 𝑖𝑛 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠
 × 100 

 

2.2.4.4 In vitro release of Celecoxib from Liposomes 

Release of celecoxib from unilamellar liposomes and immunoliposomes were 

analyzed using the dialysis method at 37oC. The liposomes (1 mL, 8-10 mM) were put 

inside a celullose acetate dialysis bag (Molecular weight cut off: 12 kDa, Sigma 

Aldrich, Germany). The bag was immersed in release medium (PBS, pH 7.4) under 

mild and continuous agitation. The release medium (1 mL) was withdrawn at different 

time points over a period of 72 h and replaced with the same volume of fresh PBS (pH 

7.4). The aliquots were dried completely under vacuum (Labconco FreeZone, Model 

77520) and redissolved in 200 µl pure methanol. The amount of celecoxib was 

determined by HPLC (section 2.2.2.2). 

 

2.2.4.5 IgG Conjugation Efficiency 

The amount of IgG conjugated to the immunoliposomes was determined 

indirectly by measuring the amount of unconjugated IgG in the ultrafiltration filtrate. 

The protein amount was determined by the microplate protocol of Coomassie Plus 



 

38 

 

(Bradford) assay (Thermo Scientific) following the manufacturer’s instructions. The 

diluted samples (150 µl) were mixed with 150 µl of Coomassie Plus reagent and 

incubated for 10 min at room temperature. The absorbance at 570 nm was measured 

by using a Multiskan Go (Thermo scientific) and the protein amount was determined 

by a constructed calibration curve (range 1-25 µg/ml) (Figure A.4) 

 

2.2.5 Cell Culture Conditions  

The human colon cancer cell lines HCT-116 and HT-29 cell were cultured in 

McCOY’s 5A modified medium supplemented with 10% FBS, 2 mM L-glutamine and 

1% Penicillin-Streptomycin or phenol-red free RPMI 1640 media. The human colon 

cancer cell line SW-620 and breast cancer cell line MDA-MB-468 were cultured in 

Leibovitz L-15 medium supplemented with 10% FBS, 2 mM L-glutamine, 1% 

Penicillin-Streptomycin, and 2 g/L NaHCO3 and maintained in 5% CO2 at 37oC. For 

MTT assays, before the addition of MTT reagent, the medium was replaced with 

phenol-red free RPMI 1640 media supplemented with 10% FBS, 2 mM L-glutamine 

and 1% Penicillin-Streptomycin). The characteristics of human colorectal 

adenocarcinoma cell lines HCT-116, HT-29, SW-620 and breast cancer cell line 

MDA- -MB-468 are listed in Table A.1. 

 

2.2.6 Binding and Internalization of Immunoliposomes  

The binding and internalization of immunoliposomes were visualized by using 

confocal laser scanning microscopy (CLSM) and quantified by flow cytometry. 

 

2.2.6.1 Laser Scanning Confocal Microscopy 

SW-620, HCT-116, and MDA-MB-468 cells were seeded on a cover slip in 6 

well plates until it reached 80% confluency. The cells were treated with 500μM lipid 

concentration of Lissamine-Rhodamine labeled-immunoliposomes or unilamellar 

liposomes at 37oC for 2 h and 4 h. The untreated cells were used as negative controls. 

The medium containing labeled liposomes was removed and the cells were washed 
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three times with cold PBS in order to remove the unbound liposomes. The cells were 

fixed with 4% paraformaldehyde and mounted on a cover glass with gold antifade 

reagent as a mounting medium. Images were captured by using Plan-Neofluar 40x/1.3 

Oil DIC objective in Zeiss LSM 510 system (METU Central Lab, Molecular Biology 

and Biotechnology Research Center) at excitation wavelength of 543 nm and emission 

wavelength of 583 nm. For the emission and imaging, LP560 filter was used.  

 

2.2.6.2 Flow Cytometry 

For flow cytometry analysis, SW-620, HCT-116 and MDA-MB-468 cells were 

seeded in 6 well plates and cultured until they reached 60-70 % confluency. The 

medium was withdrawn and the cells were treated with SpDiOC(18)-labeled 

immunoliposomes or unilamellar liposomes at 500 uM lipid concentration. The cells 

were incubated with the liposomes at 37oC and 4oC in order to distinguish between 

non-specific binding and internalization of liposomes. At 4°C, the cells are not 

expected to actively internalize the liposomes; therefore any cell association can be 

assumed to be non-specific [187]. Untreated cells were used as negative controls in 

every experiment. After 2 h or 4 h of treatments, the medium was removed and the 

cells were washed 3 times with cold PBS. The cells were detached by trypsinization, 

collected, and centrifuged at 1000 rpm. The pellet was then washed twice with cold 

PBS.  The cells were then fixed by 100 μL drop-wise addition of 4% 

paraformaldehyde (freshly prepared) and vortex mixing. After 15 min of fixation, 2 

mL of 1% (g/mL) of BSA in PBS was added to terminate the fixation. The cells were 

then collected by centrifugation; the pellet was washed with PBS and re-suspended 

in 300 μL of PBS. Fixed cells were analyzed in AccuriC6 Flow cytometer and CFlow 

software (METU, Department of Biological Sciences) by collecting 10,000 events for 

each sample in FL-1 channel.  Live-gating was performed by using forward vs side 

scatter to exclude debris and dead cells. The gating was performed separately on 

MDA-MB-468, HCT-116 and SW-620 cell populations. 
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2.2.7 Western Blot Analysis 

COX-2 and EGFR expressions in HT-29, HCT-116, SW-620, and MDA-MB-

468 cell lines were visualized by Western blot analysis. Proteins were isolated using 

M-PER mammalian protein extraction reagent (Pierce, Rockford, IL, USA) 

supplemented with protease inhibitors (Roche, USA). The protein content was 

determined by standard microplate protocol of Coommasie Plus (Bradford) assay 

(Thermo Scientific). Proteins (50–80 μg) were subjected to SDS-PAGE on a 10% 

polyacrylamide gel and transferred onto a PVDF membrane (Bio-Rad, Hercules, CA, 

USA) for 1-2 hours. The membranes were blocked in 5% skim milk in PBST (0.1 M 

PBS, 0.1 % Tween 20, pH 7.4) for 1 h at room temperature and then incubated 

overnight at 4oC with primary antibodies: COX-2 (1:200 dilution; Cayman Chemical, 

Ann Arbor, MI, USA) or EGFR (1:200 dilution; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA). The membrane was rinsed with PBST for 30 min with at least 3 

changes and incubated for 1 h at room temperature with a HRP-conjugated goat anti-

rabbit (1:2000) or goat anti-mouse (1:2000) secondary antibody. After that, the 

membrane was washed extensively 3 times with PBST (10 min for each wash). The 

proteins were detected by using an enhanced chemiluminescence kit (ECL Plus; 

Pierce) following the manufacturer’s instructions. 

 

2.2.8 Cellular Viability Assay  

104 cells/well were seeded in 96-well plates and allowed to recover for 48 h. 

The CLX was solubilized in DMSO and then diluted in cell culture medium as 

required. The cells were treated with different concentrations of CLX (25 – 150 μM) 

to determine the concentration of CLX resulting in 50% growth inhibition. After 24 h, 

the medium was then replaced with 100 μL of phenol red free complete medium and 

10 μL of the MTT labeling reagent (5 mg/ mL) was added to the medium and incubated 

for 4 h. The cells were lysed with HCl-SDS (0.01 M HCl, 1 % SDS w/v) solution. 

After 18 hours, the absorbance was measured by using a Multitaskan Go (Thermo 

Scientific) microplate reader at 570 nm.   IC50 was determined graphically from the 

concentration-effect curve, in which the viability of the control cells was considered 
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as 100%. Additionally, in different set-up of the experiments,  the cells were treated 

separately with  100 μM of free CLX, empty liposomes, CLX loaded unilamellar 

liposomes and the EGFR-targeted immunoliposomes with 100 μM of CLX 

concentration, in complete media supplemented with 10% FBS. In order to determine 

lipid associated toxicity, the dose of the empty liposomes used was equal to the lipid 

concentration of the ILs. After 4h of treatment, the medium was replaced with 100 μL 

of phenol red free complete medium and MTT assay was carried out as described 

above. 

 

2.2.9 Statistical Analysis 

All experiments were carried out with 2-3 independent replicates. Data analysis 

and graphing were performed using the GraphPad Prism 6 (San Diego, California). 

One-way ANOVA and Tukey’s multiple comparison post-hoc test were used to 

determine the level of significance between the groups with different treatments. The 

difference between the means were considered to be statistically significant at level of 

P<0.05. 
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CHAPTER 3 

 

RESULTS AND DISCUSSIONS 

 

 

3.1 Characterization of CLX Loaded ILs 

3.1.1 Encapsulation Efficiency and Drug Loading of ILs 

  Despite the anti-inflammatory and anticarcinogenic activities of CLX, its 

long-term use is associated with the increased incidence of cardiovascular risks [68, 

188]. The development of a drug delivery system (DDS) for CLX may possibly 

overcome the unfavourable side effects of CLX. Controlled drug delivery may 

improve bioavailability by preventing premature degradation and enhancing uptake, 

maintain drug concentration within the therapeutic window by controlling the drug 

release rate, and reduce side effects by targeting to disease site and target cells [89]. 

Liposomes, polymers, and micelles are DDS’s, which are frequently used. The use of 

liposomes as DDS is more beneficial compared to several others since it is 

biocompatible, biodegradable, non-toxic, non-immunogenic, and non-pyrogenic. 

Moreover, CLX is a highly hydrophobic drug with poor plasma solubility; therefore, 

it is a good candidate to be formulated in liposomes. The incorporation of CLX in the 

liposomes can improve its plasma solubility, pharmacokinetics profile as well as its 

accumulation in the target tissue.  

Some studies have reported liposomal formulations of CLX for different 

purposes, including for the cancer treatment [177, 178, 189–193]. For example, Erdog 

et al has reported the successful encapsulation of the CLX within the PEGylated LUVs 

[178]. The LUVs containing CLX was shown to have a desirable characteristics DDS 

for such as sustained release profile and high encapsulation efficiency of CLX. The 

generated liposomes were also shown to be functionally active against different 

colorectal cancer cell lines with varying expression of COX-2. Another study also 

reported that liposomal celecoxib was able to inhibit colon cancer in vitro and DMBA-
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induced tumor in a rat model [189]. However, the use of non-targeted PEGylated 

liposomes is not completely devoid of off-target associated toxicities. For example, for 

DOXIL® (PEGylated liposomal doxorubicin), an increase in the incidence of palmar-

plantar erythrodysesthesia ('hand-foot' syndrome) in patients receiving liposomal 

doxorubicin versus those receiving free doxorubicin was observed [194]. Therefore, 

the targeting of liposomes containing CLX with a targeting ligand such as an antibody 

may enhance the specificity and efficacy of the therapeutic drug. EGFR-specific 

antibody C225 (cetuximab) can be considered as a promising candidate for targeting 

the CLX to cancer since EGFR overexpression is seen in human tumors and the 

antibody is among the ones the most ahead in clinical development. 

In this study, we prepared the EGFR-targeted immunoliposomes, with 

composition: DSPC, Cholesterol, CLX, mPEG, and mal-PEG. As a control, non-

targeted LUVs containing the same composition as those of EGFR-targeted 

immunoliposomes except mal-PEG was prepared. Non-specific IgG containing 

immunoliposomes were also constructed for the optimization studies including 

antibody conjugation to the liposomes, in vitro release, as well as size analysis and 

zeta potential measurements. DSPC was used in the formulation because it is 

phospholipid with saturated fatty acids and melting point about 55oC. This is higher 

than normal body’s temperature of 37°C. We could expect the formulation containing 

DSPC to be at the gel phase at 37°C and maintain their rigidity and in turn their 

retention of the encapsulated materials.  In addition, the saturated lipids can also 

prevent the dissociation of the liposomal membrane by plasma proteins [195, 196]. 

Addition of cholesterol to the liposome formulations was shown to decrease the 

loading of hydrophobic drugs such as paclitaxel [197] and CLX [177]. However, all 

the formulations were supplemented with a low amount of cholesterol at 10 mol% of 

the total phospholipid, which can have an optimum advantage in the encapsulation and 

retention of CLX [177]. In fact, the cholesterol was provided in order to increase the 

compactness of the bilayer and minimize drug leakage [198].  

In the first part of the study, we characterized both ILs and LUVs in terms of 

encapsulation and loading of celecoxib (Table 3.1). The encapsulation efficiency was 

determined as ratio between the amount of CLX present in the liposome formulation 
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after filter sterilization and the CLX added in the lipid film. On the other hand, the 

drug loading is the ratio between the mole number of CLX and mole number of DSPC 

in the final product. The drug loading was used to determine the efficiency of 

liposomes preparation independent of the formulations. In other words, it is the real 

measurement of drug entrapment efficiency of a given liposome formulation since its 

values is independent of the lipid recovery of liposome preparation.  

Initial studies were carried out to optimize the CLX content in order to generate 

ILs with high stability, less prone to vesicle aggregation, and high encapsulation 

efficiency. For the optimization, the CLX was added to the lipid film in a range of 3-

22 mol % of the total liposome constituents. It was seen that 7 mol% of CLX was the 

most optimized formulation for the ILs containing CLX (data not shown). Inclusion of 

more than 7 mol% of CLX in the liposomal formulation resulted in significant 

aggregation of the vesicles, while at 7 mol% of CLX no significant aggregates were 

observed. Decreasing the CLX content further in the formulation resulted in lower 

drug loading compared to the formulation with 7 mol% of CLX. Therefore, 7 mol% 

of CLX in the IL and LUV formulations were used for further studies. 

 The LUVs had an encapsulation efficiency of 55%, on the other hand, isotype 

specific IgG immunoliposomes and EGFR-targeted immunoliposomes had 

encapsulation efficiencies of 46.5% and 43.9%, respectively (Table 3.1). The drug 

loading was similar in both the ILs prepared with non-specific IgGs and anti-EGFR 

mAbs. On the other hand, the LUVs had higher drug loading compared to the ILs. The 

lower encapsulation efficiency of ILs compared to the LUVs could be related to the 

longer preparations step of ILs (eg. conjugation of antibody) compared to those of 

LUVs, therefore, it was more likely to lose the drug during the ILs preparation steps. 

At the end of conjugation reaction minimum aggregation of the liposomes was 

observed, to some extent, it might also be correlated with the lower encapsulation 

efficiency of the ILs compared to the non-ILs. However, the encapsulations efficiency 

of the liposomes is sufficient to reach the in-vitro IC50 of CLX in different cancer cell 

lines. The lower percentage of encapsulation of CLX in ILs is also reflected by the 

lower drug loading in the ILs compared to the drug loading of LUVs. Therefore, we 

suggest that the lower encapsulation efficiency of the ILs was related to the release of 
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the drug from the liposomes during the antibody conjugation and it was not related 

with the difference in the lipid recovery at the end of the liposome preparations. 

 

 

Table 3.1 Encapsulation efficiency and drug loading of ILs and LUVs. 

Values denote Mean ± S.D. 

Results analyzed by One-way ANOVA, Tukey's Multiple Comparison Test. 

 * P< 0.05 compared to LUVs. 

 

 

 Several studies have reported the encapsulation efficiency of liposomes 

containing CLX. For example, Perumal et al. reported 46% encapsulation efficiency 

of CLX in unilamellar liposomes composed of DSPC only prepared by sonication 

[189]. The reported value was smaller than our observed value of CLX encapsulation 

efficiency in LUVs. This could have resulted from the absence of cholesterol in the 

formulation that might decrease the stability of liposomes to maintain the encapsulated 

materials as well as the sonication method that the authors used. In another study, anti-

VCAM-1-Fab’-immunoliposomes containing 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(glutaryl) (glutaryl-N-PE)  for the targeted delivery of CLX 

prepared by sonication was reported to have 308 ± 34 µg/mL of CLX in the non-

targeted liposomes and 281.1 ± 29 µg/mL of CLX in the ILs [192]. These values 

correspond to 3.00% and 2.73% of drug loading, respectively [192].  The lower 

reported drug loading could be related to the difference in the method of liposome 

preparation and the inclusion of DMPC that has a phase transition temperature at room 

Liposome formulations (n≥3) EE (%) Drug Loading (mol/mol) 

LUVs 55.0 ± 2.6 7.70 ± 2.19 

IgG-ILs 46.5± 0.56 * 5.48± 0.21 

EGFR-ILs 43.9 ± 3.3  * 5.00 ± 1.35 
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temperature. In a related study by Ju et al., non-targeted CLX liposomes and PTDHIV-

1 peptide-targeted-CLX liposomes composed of egg phosphatidylcholine (EPC), 

cholesterol, DSPE-PEG2000, and 2.6 mol% of CLX was prepared by sonication and 

subsequent extrusion methods [190]. The reported encapsulation efficiency of CLX 

for non-targeted liposomes and targeted liposomes were 91.18 ± 1.18 and 83.47 ± 0.72, 

respectively. The higher encapsulation efficiency could be related to the lower amount 

of initial CLX that they used in the liposome formulations. Our liposomes formulation 

was started with 7 mol% of CLX in the lipids film and resulted with a final 

encapsulation efficiency of 40% to 55%. Therefore, the CLX concentration in the final 

liposome product described in this study is comparable to the values reported by Ju et 

al. 

 

3.1.2 Antibody Conjugation to LUVs 

Antibody is widely used as a targeting ligand for active delivery of 

nanoparticles, including liposomes, to the tumor cells / tissues. In the field of cancer 

targeted drug delivery, EGFR is an interesting antigen target for ligand-targeted 

liposomes, particularly,  because of  their overexpression in a wide range of cancers 

including head and neck, breast, renal, non-small cell lung, colon, ovarian, glioma, 

pancreatic, and bladder cancers [18]. In an attempt to develop anti-EGFR- 

immunoliposomes containing CLX, antibody conjugation to the functionalized LUVs 

was carried out. LUVs were functionalized with the DSPE-PEG (2000) Maleimide by 

anchoring it within the LUVs membrane during its formation and before the 

conjugation reactions were performed. Like other components of the liposomes such 

as phospholipids, cholesterol, celecoxib, and DSPE-PEG (2000), simply, maleimide 

was incorporated in the lipid films as 1 mol% of the total phospholipids. At pH 6.8-

7.5, Maleimide reacts with sulfidryl group in proteins or peptide to form a covalent 

and stable thioether bond [184]. The reactions at these pH range is specific for thiols 

rather than amine group [199], therefore, allowing the site specific conjugation 

between the  reduced IgG and maleimide functionalized PEG-DSPE molecules. 
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For the optimization of immunoliposomes preparation, to make the 

experiments more cost effective, non-specific mouse IgG was used in place of anti-

EGFR monoclonal antibody (cetuximab). As the conjugation reaction involved the 

presence of thiol group in the protein, a free thiol group was introduced to IgG by 

reducing selectively the hinge region of IgG with mild reducing agent, 2-MEA, to form 

2 equal  half IgGs each with an antigen binding site [200]. Conjugation at the hinge 

region is favorable particularly because it orients the ligand binding site of antibody in 

a proper way, thus, preserving their binding to the antigens [199]. For the optimization, 

200 μg of mouse IgG was reduced with different concentrations of MEA ranging from 

25 to 100 mM for 90 minutes. The reactions were also carried in the presence of 

EDTA, as it was important to prevent metal catalyzed oxidation of the sulfhydryl 

groups [199]. Moreover, a 63-90 % loss in sulfhydryl group was also reported after 40 

hours life-span of reduced IgG in the absence of EDTA [201].  

The resulting IgG fragments from the reactions were then separated with SDS-

PAGE and the protein bands were visualized with Coomassie Blue staining (Figure 

3.1A). As a positive control, intact IgG was fully reduced with 2-mercaptoethanol and 

boiled in order to generate heavy and light chains of the antibody. The band of about 

150 kDa in size indicated the intact IgG and the 25 kDa and 55 kDa bands in bottom 

of the gel indicated the presence of light and heavy chains of IgG, respectively.  It 

seems that the reduction of IgG with 25 mM of 2-MEA was enough to generate half-

IgG, however, there was still large portion of the un-reduced IgG. The large portion of 

half-IgG as the reduction product was clearly observed at 75 mM of MEA and further 

increase in the concentration of the reducing agent did not significantly improve the 

half-IgG yield. Apart from that, in all conditions the reduction also proceeded outside 

the hinge region of IgG as it can be inferred from the generation of other antibody 

fragments instead of half-IgG and this could have been resulted from a partial 

reduction of disulfide bonds in the heavy and light chains due to a prolonged exposure 

of the antibodies to 2-MEA [145]. However, these non-specific fragments are minimal, 

therefore it was assumed that this product would not affect the subsequent conjugation 

reaction involving the reduced IgG products.  
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Figure 3.1 SDS-PAGE analysis of reduced IgG molecules at different concentrations 

of 2-MEA (A) and at different reduction durations (B). 

For A, Lanes : 1. Marker; 2. Unreduced IgG; 3-6. 25 – 100 mM of 2-MEA; 7. IgG 

reduced with β-ME and boiled (+C). 

For B, Lanes: 1. Marker ; 2. Unreduced IgG; 3. 30 min reduced IgG; 4. 60 min reduced 

IgG; 5. 90 min reduced IgG;  6. IgG reduced with β-ME and boiled (+C). 
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The duration of reduction reaction was also optimized by varying the reduction 

time between 30-90 minutes at 75 mM concentration of 2-MEA (Figure 3.1B). Half-

IgG was generated in the first 30 minutes of the reaction, however, half-IgG as the 

major product was detected at 90 minutes of the reaction. Therefore, for further 

experiments involving anti-EGFR immunoliposomes, the reaction conditions for 

reducing IgG was 75 mM of 2-MEA for 90 minutes. 

After the IgG was reduced, the generated product was purified from the 

remaining reducing agent by passing the reaction product through Zeba desalting 

column. This ensured that the reducing agent would not interfere with the subsequent 

conjugation reaction of reduced IgG and maleimide functionalized liposomes. For the 

conjugation reaction, 200 μg of the reduced IgG was mixed with 10 mM of preformed-

liposomes containing maleimide and the reaction was allowed to proceed overnight at 

4oC. The reaction between sulfhydryl group and maleimide can proceed at room 

temperature as well as at 4oC with prolonged duration [199]. The lower temperature 

was chosen because it could minimize the CLX release from the liposomes to the 

medium during the conjugation reaction. In order to achieve maximum systemic 

targeting effect, immunoliposomes must have efficient loading and retention of the 

anticancer drug [167]. At the end of conjugation reaction, the excess maleimide was 

quenched with 2-mercaptoethanol in order to prevent cross-reaction between 

liposomes that may lead to immunoliposome aggregation, fusion, and leakage of 

celecoxib. To separate the immunoliposomes from the unconjugated antibody 

fragments, lipids and any leaked celecoxib, the mixture was passed through an 

ultrafiltration column with a MWCO of 300 kDa. The immunoliposomes, being larger, 

were not filtered and retained above the ultrafiltration membrane, whereas all other 

materials smaller than 300 kDa were filtered out. 

The conjugation efficiency of antibody to the surface of liposomes was 

measured indirectly by determining the concentration of unconjugated antibody 

obtained from the ultrafiltration filtrate. The protein amount in the filtrate was 

measured by Bradford assay and the initial protein amount was assumed to be the same 

as that at the beginning of the reduction reaction (200 µg). The conjugation efficiencies 

of non-specific IgG ILs and anti-EGFR ILs are represented in the Table 3.2. In order 
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to understand the effect of CLX on the conjugation efficiency of immunoliposomes, 

the conjugation of non-specific IgG on LUVs without CLX (Empty-ILs) is also 

provided.  

 

 

Table 3.2 Conjugation efficiency of immunoliposomes containing CLX. 

Formulations (n ≥ 3) Conjugation Efficiency (%) 

IgG-IL  40.1 ± 4.40 * 

EGFR-IL 34.0 ± 7.00 ** 

Empty-IL 54.0 ± 0.02 

Values denote Mean ± S.D. 

Results analyzed by One-way ANOVA, Tukey's Multiple Comparison Test.  

* P< 0.05 compared to Empty-IL, **P<0.01 with respect to Empty-IL. 

 

 

Accordingly, the conjugation efficiency of antibodies to the surface of 

maleimide functionalized LUVs was about 40%.  The coupling yield is relatively 

higher than that reported by Huwyler & Pardridge, where the liposomes functionalized 

with maleimide group was conjugated with OX26 MAb [202]. The difference might 

be related to the targeting ligand that they used for conjugation to the liposomes. The 

whole antibody might generate more steric repulsion to the liposomes surface grafted 

with PEG, therefore, at molecular level, less antibody was available for the reaction 

with maleimide group, which in turn led to the decrease in the conjugation efficiency. 

Immunoliposomes with 40% coupling efficiency will have about 6 half-IgG per 

vesicle. Although the number of antibody per liposome is fewer than those are reported 

for optimum internalization of anti-HER2 immunoliposomes [166], the same, 

publication also reported that 6 Fab′/liposome was sufficient to endocytose 55-60% of 

the cell-associated anti-HER2 immunoliposomes into HER2-overexpressing cells. The 

difference in the ligand density /vesicles to some extent was related to the initial 

amount of antibody used for the reaction. In our case, we used 100 µg/mL of whole 
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antibodies as a starting amount, on the other hand, the anti HER-2 immunoliposomes 

were prepared with 300 µg/mL of Fab’ fragments.  

As expected, since anti-EGFR mAb are also IgG molecules, the conjugation 

efficiency values were similar in both IgG-IL and anti-EGFR-ILs. The conjugation 

efficiency of empty immunoliposomes is significantly higher than the celecoxib-

containing ones (P< 0.05). Therefore, the presence of CLX in the liposomal membrane 

might affect the efficiency of the coupling reaction.  It was reported that CLX reduced 

the fluidity of model membranes containing DSPC and cholesterol [193]. Regarding 

this observation, the mobility of maleimide functionalized DSPE-PEG in the liposome 

bilayer might be restricted in the presence of CLX in the membrane, thus, it became 

less likely for it to collide and react with half-IgG containing thiol groups.   

 

3.1.3 Particles size distribution and zeta potential analysis 

3.1.3.1 Particles Size Distribution 

Zetasizer measures the particles size based on the Dynamic Light Scattering 

(DLS) methods. DLS method measures the Brownian motion of the particles and then 

will correlate the velocities with their size based on the Stokes-Einstein equation. To 

do that, laser is applied to the particles, the change in intensity of the scattering pattern 

is then analyzed within very small time scales, and the intensity fluctuation is 

correlated with the size of particles. Therefore, as a general rule, small particles move 

faster and the intensity fluctuations occur rapidly. On the contrary, large particles move 

slower and the intensity fluctuations occur slowly. 

Here, the particle size of liposomes was measured as the Z-average size. The 

Z-average size is the most important and reproducible number generated by Dynamic 

Light Scattering (DLS) technique. Particularly, the value can be used for comparing 

the size of particles from batch to batch as long as the dispersion medium of the 

particles is the same. In addition, the Z-average is calculated from the mean of signal 

intensity instead of a mass or number mean. The distribution of the particle population 

size is represented by the poly-dispersity index (PdI) [203]. It reflects the homogeneity 

of the particles’ sizes in suspension. Liposomes populations with PdI values <0.2 are 
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said to be homogenous, on the other hand, the ones with PdI >0.3 are said to be 

heterogeneous [204]. Previously, it was described that preparation of liposomes by 

extrusion through polycarbonate membrane with a particular size could generate 

liposome suspensions with defined size distributions [205]. Our research group’s 

finding also showed that LUVs containing CLX could be generated by extruding the 

MLVs suspension through polycarbonate membrane with 100 nm of pores in size 

[178]. The mean particle sizes of the LUVs and ILs are shown in Figure 3.2 and 3.4 

and Table 3.3 

 Accordingly, the mean particles size of LUVs containing CLX was about 120 

nm (Figure 3.2 and Table 3.3). ILs have a slight increase in the size, which is about 5 

nm, irrespective of the CLX content compared to LUVs (Figure 3.3 and Figure 3.4 

and Table 3.3) and this can be attributed to the surface decoration of maleimide 

functionalized with thiol-containing half-IgGs. Although, the conjugation efficiency 

of empty ILs is higher than the CLX-loaded ILs, their size was similar. This could be 

explained by the difference in the conjugation efficiency that corresponded to only 1-

2 half-IgG/ vesicles difference between empty ILs and CLX-loaded ILs. In all 

formulations, the PdI values were smaller than 0.2, indicating a homogenous vesicles 

population (Table 3.3) 

 The passive accumulation of the immunoliposomes in the tumor site is a 

prerequisite for the antibody fragments on the ILs to bind to receptors on the target 

cells and get internalized. Large fenestrations and poor lymphatic drainage in the 

pathological site, including the tumor site, allows liposomes  and  other  nanoparticles  

up  to  200  nm  in  size  to penetrate  and accumulate in the  tumor interstitium, on the 

other hand, healthy vasculature only allow particles less than <1–2  nm  in  size  to 

penetrate [206, 207]. Therefore, nanoparticle-based drug  delivery  systems with 

diameters in between 10–200  nm  was shown  to improve the  efficacy  and  systemic  

toxicity profile of the therapeutic drugs  [148, 208, 209].  

 

 

 

 



 

54 

 

Table 3. 3 Particle size distribution and zeta potential of liposome formulations. 

 

Values denote Mean ± S.D. 

Zavg: Average hydrodynamic diameter of particles. PdI: Polydispersity Index. 

 

 

 

Figure 3.2  Representative image for particle size distribution of CLX-loaded LUVs. 

 

 

Formulations (n ≥ 3) Z ave  (d.nm) 
Polydispersity 

index (PdI) 

Zeta Potentials 

(mV) 

ILs 124.3 ± 1.26 0.064 ± 0.019 -2.97 ± 1.41 

Empty ILs 124.7 ± 0.14 0.058 ± 0.028 -3.06 ± 1.30 

LUVs 120.0 ± 1.80 0.055 ± 0.014 -1.87 ± 0.71 
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Figure 3.3 Representative image for particle size distribution of empty-ILs 

 

 

 

Figure 3.4 Representative image for particle size distribution of CLX-loaded ILs. 

 

 

The size of liposomes is not only important for their preferential accumulation 

in the tumor site but also contributes to their shelf-life and clearance from the blood 

circulation. Particles with size less than 5.5 nm clears from the circulation by renal 

filtration [210]. Minimal liver uptake was observed in liposomes with 100 nm in size 

compared to particles smaller than 50 nm and larger than 300 nm, in fact, clearance by 
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the spleen was seen in particles larger than 400 nm [211]. Therefore, in general, 

optimum particles size in order to exploit the EPR effect optimally and minimize 

clearance was determined to be close to 100 nm [212].  

The CLX-containing ILs with a diameter 125 nm, in term of the size, matched 

with the desirable nano-drug formulation properties. Thus, a selective passive 

accumulation of the CLX-loaded ILs in the tumor site and minimal clearance from the 

circulation could be expected. 

 

3.1.3.2 Zeta Potentials 

The potential at the slipping plane between the particle surface and the 

dispersing liquid is called the zeta potential. Simply, it is the net charge on the surface 

of particles. Zeta potential determines the ionic stability of colloidal particles in the 

dispersing medium. Particles with very positive or very negative zeta potentials tend 

to be more stable in suspension. On the other hand, particles with zeta potential close 

to zero tend to come together and flocculate. Since pH affects the degree of ionization 

of particles, the value of zeta potential is specific for a particular pH. Zeta potential is 

measured by using Laser Doppler Electrophoresis technique. The method is able to 

measure the velocity of particles in a liquid when an electrical field is applied. Velocity 

of particles, the applied electric field, viscosity and dielectric constant of the samples 

are correlated with Henry equation to determine the zeta potential.  

It was seen that the zeta potentials of the immunoliposomes, and non-

immunoliposomes were not significantly different (Table 3.3). As can be inferred 

from the zeta potential of empty ILs and CLX-loaded ILs, CLX appeared not to affect 

the zeta potential of the immunoliposomes. The different components of LUVs and 

ILs including DSPC, Chol, PEG, are also neutral at physiological pH, therefore, zeta 

potentials that are close to zero (neutral) were expected in all liposomes formulations. 

Although the low zeta potential in the liposome formulations indicate the colloidal 

instability, surface modification of liposomes with hydrophilic polymer such as PEG 

may improve its steric stability. The immunoliposomes containing CLX was 

formulated to include 3.5 mol% of PEG. Therefore, it could provide steric stabilization 
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of the liposomes in suspension. In fact, surface PEGylation of nanoparticles is known 

to prevent the nanoparticles aggregation and minimize non-specific interactions [213]. 

Moreover, steric protection by PEG prevents the adsorption of opsonins and other 

serum protein that are involved in the clearance of nanoparticles thereby helping the 

nanoparticles to remain in blood circulation for extended periods [161]. 

Maintaining relatively neutral surface charge of the liposomes is also beneficial 

for improving their pharmacokinetics and biodistribution. Negatively charged particles 

with zeta potential ≤ -10 mV can be significantly taken up by reticuloendothelial 

system (RES), positively charged particles with zeta potential greater than 10 mV may 

induce serum protein aggregation; on the other hand, neutral nanoparticles with zeta 

potential between + 10  and – 10 mV generally show minimum RES uptake and 

prolonged shelf-life in the circulation [212]. In addition, liposomes with a nearly 

neutral charge (−2 to −5mV) were shown to penetrate the tumor tissue 14 times faster 

than the positively charged liposomes (+48 mV) [214]. 

3.1.4 In vitro Release Studies of CLX from ILs 

Optimum drug delivery formulations should have high entrapment efficiency 

and controlled release profiles of the therapeutic drugs. The capability of nanoparticles 

to maintain high retention of the encapsulated materials and prevent the rapid leakage 

of the drug in the blood circulation is necessary in order to have an optimum dose of 

the drug in the tumor sites. Therefore, the physicochemical properties of the drug 

carrier need to be tailored carefully to achieve maximum benefit from the nano drug 

delivery systems.  

A lipophilic drug like CLX is favourably incorporated within the liposomal 

membrane. Therefore, the composition of the constituents of the liposomal membrane 

will greatly influence the encapsulation and retention of CLX within the membrane. It 

was proposed that in the presence of cholesterol, CLX was confined to the inner core 

of the hydrocarbon tails of the phospholipids and this may contribute to the slower 

release of the CLX from the liposomes containing cholesterol [177]. It has also been 

stated in Section 3.1.1 that saturated phospholipid was incorporated in the liposomal 

formulation of CLX as they can minimize the drug leakage and increase the stability 

of the liposomes. In addition, PEGylation of both LUVs and the ILs may also involve 
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in slowing down the release of the drugs from the liposomes. Several studies have 

shown experimentally that PEGylated liposomes had a slower drug release profile 

compared to the conventional liposomes [215–217].   

The in vitro release profile of CLX from the ILs using IgG-IL and non-targeted 

LUV was studied at 37oC in PBS (pH 7.4) for 72h, under mild agitation in order to 

mimic the body’s physiological condition (Figure 3.5). Lipophilic drugs within the 

liposomes bilayer as well as natural membrane components may transfer to another 

lipid domain ( e.g from the donor liposomes to the acceptor liposomes ) through 2 

mechanisms: direct transfer to the acceptor membrane with minimal exposure to 

aqueous phase upon the collision of the liposomes or diffusion through the aqueous 

phase [218, 219]. Therefore, under the in vitro conditions within the context of this 

study, if the CLX released from the liposomes were not transferred to another liposome 

it might simply diffuse to the surrounding aqueous medium or bind to the dialysis 

membrane. Overall, both the ILs and the LUVs showed a sustained release profile for 

up to 72 h. There was no significant difference in the release of CLX from the LUVs 

and the ILs for each time point used in this study (P> 0.05). This indicated that the 

decoration of antibody on the surface of ILs did not change the membrane integrity of 

the liposomes. Within the first 10 hours, only 13.6% of the CLX was released from 

the LUVs whereas 19.2% of the drug was released from the ILs. The release rate of 

CLX from both formulations was decreased after 10 hours and it reached a plateau at 

24 hours of incubation. At 72 hours of incubation, most of the drug was retained within 

the liposomes and only 27% and 23% of the drug was released from the ILs and LUVs, 

respectively. The ability of the ILs to maintain relatively high retention of CLX 

(>70%) suggests that the ILs were a suitable platform for the delivery of the drugs. 

The high retention of the CLX for 72 hours within the ILs will also allow the liposomes 

to deliver effective dose of CLX with enough time to the tumor site by exploring the 

EPR effect. In addition, the targeted ILs with slow release characteristics should have 

higher therapeutic efficacy since their uptake mechanism is facilitated by receptor 

mediated endocytosis, therefore, with a high retention of the encapsulated drugs more 

drug payloads are delivered to a given target cell.  
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Since the IgG-ILs showed a high stability, high encapsulation efficiency of 

CLX, and slow release profile of the drug, after these optimization studies, the EGFR-

targeted immunoliposomes of CLX, by including anti-EGFR mAbs instead of non-

specific mouse IgG, were prepared using the same protocols. 
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Figure 3.5 In vitro CLX release from IgG-ILs and LUVs in PBS at 37°C. 

Values denote Mean ± S.D., n≥3. 

 

 

3.2 Cell Association of Immunoliposomes 

Immunoliposomes are designed to improve the cellular uptake liposomes as 

well as their selectivity toward the target. Employing anti-EGFR mAb as a targeting 

ligand of the liposomes is promising strategy to combat tumors with high level 

expression of EGFR. Fortunately, EGFR is expressed in wide variety of tumors. 

Therefore, the application of EGFR-targeted immunoliposomes as delivery vesicles is 

more diverse as it can be encapsulated with different types of anticancer drugs to target 

many types of cancers. In our study, the functionality of EGFR-targeted ILs containing 

CLX to target multiple cancer cell lines with varying expression of EGFR was 

quantitatively evaluated with Flow Cytometry.   
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  Three different cell lines, including MDA-MB-468, HCT-116, and SW-620 

were used to measure the cellular internalization of the ILs. The EGFR expression of 

these cell lines as well as HT-29 cells were evaluated by using western blotting analysis 

(Figure 3.6). From the western blotting analysis, MDA-MB-468 cell line was highly 

expressing EGFR. On the other hand, HCT 116 and SW-620 cell lines expressed 

moderate to low and low level of EGFR, respectively.   These findings were also 

supported by work of other research group [218, 219] .  

 

 

Figure 3.6 Western blot analysis of the expression of EGFR in MDA-MB-468, HCT-

116, HT-29, and SW-620 cell lines. 

 

 

3.2.1 Fluorescence Activated Cell Sorting Analysis (FACS) 

For the flow cytometry analysis, LUVs and immunoliposomes were labeled 

with SP-DiOC18(3), a sulfonated carbocyanine tracer. The labeling of liposomes with 

the dye appeared to be compatible with aldehyde fixation and show persistent retention 

of the dye.  In the lipid environment, lipophilic carbocyanines have high extinction 

coefficients and moderate fluorescence quantum yields. SP-DiIC18(3) and SP-

DiOC18(3) generate more fluorescent quantum yields than DiI and DiO [222]. The 

dyes are also highly fluorescent and photostable in the membranes, but weakly 

fluorescent in water [223]. 

The extent of cellular internalization of the EGFR-targeted ILs and non-

targeted LUVs were evaluated in MDA-MB-468, HCT-116 and SW-620 cells for 2 

hours and 4 hours of treatment both at 4oC and 37oC. The signal detected after 

incubation at 4°C was assumed to be originated from liposomes bound to surface of 
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the cells, since active endocytosis was inhibited at low temperature. On the other hand, 

after the incubation at 37°C, the signal was assumed to be originated from both bound 

and internalized liposomes [187]. Before the treatment, the liposomes were purified 

from the un-incorporated dyes, filter sterilized, and their lipid content was measured.  

This ensured that fluorescence –associated signal was coming from the liposomes, not 

from the unincorporated dyes. For the treatment, the dose of liposomes used was 

adjusted according to phospholipid concentration.  

Dot plots and single parameter histograms associated with FL1-H signal from 

labeled-liposomes in each cell line are shown in the Figure 3.7 and Figure 3.9. In the 

MDA-MB-468 cell population (Figure 3.7), a greater fraction of cells internalized the 

anti-EGFR ILs compared to the non-targeted LUVs after 2 hours (53.4% vs 15.2%) 

and 4 hours (70.6% vs 17.9 %) incubation with the liposomes. On the other hand, there 

was no significant difference in the fraction of cells that internalized ILs compared to 

non-targeted liposomes, even after 4 hours incubation with the liposomes, in HCT 116 

cells (40.5% vs 47.7%) (Figure 3.8) and SW-620 cells (28.9% vs 21.7%) (Figure 3.9). 

The single parameter histogram also confirmed the dot plot result where the histogram 

of cell populations treated with ILs was shifted more to the right compared to the ones 

treated with the non-targeted LUVs in MDA-MB-468 cells but not in HCT-116 and 

SW-620 (Figure 3.10).  In all cell lines, the liposomes’ uptake by the cell in 

populations, for both ILs and LUVs, happened in a time dependent manner with the 

cell populations internalizing liposomes more at longer incubation times. The 

internalization of ILs in all the cell lines was also abrogated at 4oC, the histogram of 

cells incubated with ILs at 4oC overlapped with those of control cells indicating that 

the fluorescence signal originating from the surface-bound liposomes was much lower 

compared to the signal obtained from the cells incubated at 37oC. In the other words, 

at 37oC most of FL1-H associated signal originated from the active internalization of 

liposomes into the cells.  
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Figure 3.7 Dot plots for MDA-MB-468 cell populations associated with fluorescently 

labeled liposomes. 

Representative images. x-axis: Forward Scatter Height, y-axis: FL1 signal Height. 

Cells were treated with SP-DiOC18(3)-labeled-EGFR targeted ILs ( B,  C & E ) or 

Non-targeted LUVs ( D & F ) either at 4oC ( B ) or at 37oC ( C, D, E, F ). The controls 

cells were not treated with liposomes and incubated at 37oC (A). 
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Figure 3.8 Dot plots for HCT-116 cell populations associated with fluorescently 

labeled liposomes. 

Representative images. x-axis: Forward Scatter Height, y-axis: FL1 signal Height. 

Cells were treated with SP-DiOC18(3)-labeled-EGFR targeted ILs ( B,  C & E ) or 

Non-targeted LUVs ( D & F ) either at 4oC ( B ) or at 37oC ( C, D, E, F ). The controls 

cells were not treated with liposomes and incubated at 37oC (A). 
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Figure 3.9 Dot plots for SW-620 cell populations associated with fluorescently labeled 

liposomes. 

Representative images. x-axis: Forward Scatter Height, y-axis: FL1 signal Height. 

Cells were treated with SP-DiOC18(3)-labeled-EGFR targeted ILs ( B,  C & E ) or 

Non-targeted LUVs ( D & F ) either at 4oC ( B ) or at 37oC ( C, D, E, F ). The controls 

cells were not treated with liposomes and incubated at 37oC (A). 
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Figure 3.10 Single parameter histograms for cell populations associated with 

fluorescently labeled liposomes. 

For MDA-MB-468 cells (left); black line represents negative control, red line 

represents treatments with EGFR-targeted ILs at 4oC, blue and purple line represents 

2 and 4 hours treatment with non-targeted LUVs at 37oC, respectively, yellow and 

green line represents 2 and 4 hours treatments with EGFR-targeted ILs at 37oC, 

respectively.  

For HCT-116 cells (middle); black line represents negative control, red line represents 

treatments with EGFR-targeted ILs at 4oC, green and yellow line represents 2 and 4 

hours treatment with non-targeted LUVs at 37oC, respectively, blue and purple line 

represents 2 and 4 hours treatments with EGFR-targeted ILs at 37oC, respectively.  

For SW-620 cells (right); black line represents negative control, red line represents 

treatments with EGFR-targeted ILs at 4oC , blue and green line represents 2 and 4 

hours treatment with non-targeted LUVs at 37oC, respectively, yellow and purple  line  

represents 2 and 4 hours treatments with EGFR-targeted ILs at 37oC, respectively .  
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3.2.2 Laser Scanning Confocal Microscopy Analysis 

The cellular internalization of EGFR-targeted immunoliposomes containing 

CLX was also visualized with LSCM in MDA-MB-468 and SW-620 cell lines. The 

extent of cellular internalization was compared for both non-targeted LUVs and 

EGFR-targeted immunoliposomes for 2 hours and 4 hours incubations with the 

liposomes at 37oC. Negative control was prepared by incubating the cells with 

liposome-free medium both for 2 hours and 4 hours treatments. At the end of the 

treatment, medium-containing liposomes was withdrawn and the cells were washed 

with PBS in order to remove free liposomes and ensure that the fluorescence signal 

was mostly originated from the cell associated liposomes. In this study, Rhodamine 

labeled DHPE was chosen to tag the liposomes because it was stably incorporated in 

the liposomal membrane and exhibited no lateral diffusion to the plasma membrane 

[224]. 

The confocal microscopy study showed that the EGFR-targeted liposomes 

were more efficiently internalized in the MDA-MB-468 cell populations compared to 

the non-targeted liposomes (Figure 3.11).  In MDA-MB-468 cell population, within 2 

hours of incubation with the targeted immunoliposomes, a significant portion of the 

liposomes was present in the cytoplasm and nuclear periphery. On the other hand, non-

targeted LUVs showed minimum uptake in the cell lines. At 2 hours of incubation with 

the liposomes, only a small portion of the liposomes was internalized, even some of 

the liposomes were still located on the plasma membrane, indicating non-specific 

binding of liposomes. At 4 hours of incubation, the extent of the cellular internalization 

for both the immunoliposomes and non-targeted liposomes increased in this cell line, 

however, more immunoliposomes were internalized compared to the non-targeted 

liposomes. On the contrary, in SW-620 cell populations, internalization of both 

immunoliposomes and non-immunoliposomes were minimal at 2 hours and 4 hours of 

treatment. Therefore, EGFR-targeted immunoliposomes were selectivity internalized 

in cell lines with a high expression of EGFR (MDA-MB-468) and not in the cell lines 

with low expression of EGFR (SW-620). As can be seen from the Figure 3.11, MDA-

MB-468 cells also internalized more non-targeted liposomes at 2 hours and 4 hours 
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treatment compared to the SW-620 cells. Therefore, to some extent, the internalization 

of liposomes might also be related with the intrinsic difference between the cell lines.  

Selective delivery of CLX with EGRR-targeted ILs to cancer cell lines with 

varying expression of EGFR was quantitatively evaluated with flow cytometry and 

qualitatively visualized with LSCM. The extent of internalization of ligand-targeted 

nanoparticles, including immunoliposomes, is dependent on the density of targeting 

ligand on the surface of liposomes as well as the density of the target receptor/ antigens 

on the surface of target cells. MDA-MB-468 cells with high overexpression of EGFR 

will be suitable target of the immunoliposomes. The flow cytometry and the confocal 

microscopy results have shown that the EGFR-targeted ILs were internalized more 

efficiently compared to the non-targeted liposomes in the MDA-MB-468 cells where 

a high expression of EGFR was observed, but not in the HCT-116 or SW-620 cells in 

which the EGFR expression is relatively lower.  This could be explained by the fact 

that the MDA-MB-468 cells express 5 x 105 EGFR per cell [225], whereas the other 

cells lines, as can be depicted from the western blot analysis, have much more lower 

expression of EGFR. Moreover, according to a previous finding, no significant 

accumulation of EGFR-targeted ILs was observed in MCF-7 cells where the 

expression of EGFR is low (104 receptor/cell) and non-transformed (normal) epithelial 

cells with EGFR expression up to 103-104 receptors/cell may be spared from toxicity 

implicated by the targeted drug delivery [139]. Thus, anti-EGFR-immunoliposomes 

can provide s an efficient targeted delivery vehicle for CLX in cancer cells with a high 

level expression of EGFR.  
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Figure 3.11 LSCM analysis of cell associated Rhodamine labeled anti-EGFR 

immunoliposomes (IL) or non-targeted LUVs (NT) containing CLX in MDA-MB-468 

or SW-620 cells. 

The cells were treated with 500 µM liposomes for 2 hours (2 H) and 4 hours (4 H). 

The images are represented as phase contrast images (right), red channel image 

(middle) and merged image (right). Untreated cells were used as negative control (NC) 

and representative images are shown for each cell line. Rhodamine signal was pseudo 

colored as red, brightness and contrast of the images were adjusted for optimum 

visualization.  
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Figure 3.11 continued. 
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Figure 3.11 continued. 
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Figure 3.11 continued. 
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Figure 3.11 continued. 

 

 

3.3 Cellular Toxicity of Pure CLX and EGFR-Targeted Immunoliposomes 

Containing CLX  

In vitro cytotoxicity of pure CLX was tested in 4 different cell lines with 

varying expressions of COX-2. The COX-2 expression in these cell lines was 

evaluated by western blotting analysis (Figure 3.12). From the analysis, it was shown 

that HT-29 had a high expression of COX-2 whereas HCT-116 and MDA-MB-468 

cells expressed low levels of COX-2 and SW-620 had almost undetectable levels of 

COX-2 expression. All cell lines were treated with 25-150 µM of CLX for 24 hours 

(Figure 3.13).  The concentration of the DMSO (vehicle) was kept at less than 0.1% 

in order to prevent any toxicity. Control cells were incubated with medium only 

containing 0.1% of DMSO. In HCT-116, SW-620, and MDA-MB-468 cells, 25 µM 
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of CLX did not inhibit the proliferation of the cells. On the other hand, 25 µM of CLX 

significantly inhibited the proliferation of HT-29 (COX-2 overexpressing) cells to 

86% (P< 0.05). Increasing the CLX concentration to 50 µM resulted in 20% and 15% 

decrease in cellular proliferation of HCT-116 and MDA-MB-468 cells, respectively. 

However, at the same concentration no significant decrease in the proliferation of SW-

620 cells compared to the non-treated controls was observed. In all cell lines about 

50% cellular proliferation inhibition was observed at 100 µM of CLX concentration. 

Further increase in the concentration of CLX to 125 µM or higher resulted in more 

than 90% decrease in the proliferation of HT-29, SW-620, and MDA-MB-468 cells. 

In addition, only at 150 µM of CLX, HCT 116 cells showed 90% inhibition in cellular 

proliferation. 

 

 

 

Figure 3.12 Western blot analysis of the expression of COX-2 in MDA-MB-468, 

HTT-116, HT-29, and SW-620 cell lines. 

 

 

 COX-2 expression is seen in wide range of cancers and several studies have 

shown that it could be a molecular target for cancer treatment or prevention [56, 223–

226]. COX-2 inhibitors, including CLX, were documented to have an antitumorigenic 

effect in vitro, in vivo, and in clinical studies [227–231] . The anticarcinogenic effect 

of CLX occurs through both COX-2 dependent and COX-2 independent manner [79]. 

COX-2 independent effect of CLX includes the induction of cell cycle arrest, induction 

of apoptosis, inhibition of angiogenesis, and decrease in membrane fluidity and 

metastatic potential in vitro [79, 80]. 

In this study, CLX was shown to have a dose dependent inhibition in cellular 

proliferation in HT-29, HCT-116, SW-620, and MDA-MB-468 cell lines. The 
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inhibitory effect of CLX that was observed at low concentration of CLX (25 µM) in 

HT-29 cells might indicate that the COX-2 dependent effect of CLX was present on 

the COX-2 overexpressing cells (HT-29) but not in the low COX-2 expressing cells 

(HCT-116, MDA-MB-468, and SW-620). At concentrations greater than 50 µM of 

CLX, all the cells lines showed significant decrease in the cellular proliferation 

compared to the control cells (P< 0.05) and this effect to some extent could be related 

to COX-2 independent effect of CLX since these effects occurred in cells with low 

expression of COX-2 and at concentrations higher than the physiological 

concentration of CLX to inhibit COX-2. Furthermore, the COX-2 expression status 

was demonstrated not always to correlate with the response to CLX [232, 233]. The 

50% inhibition (IC50) in the cellular proliferation in all the cell lines within the scope 

of this study was observed at the concentration of CLX of about 100 µM (Table 3.4). 

The similarity in the IC50 values of CLX in the cell lines with low and high COX-2 

expressions may indicate mechanisms in inhibiting the growth of cancer cells other 

than COX-2 inhibition. For example, it was suggested that CLX was able to induce 

cell cycle arrest at the G0/G1 checkpoint in MDA-MB-468 cells [237]. In agreement 

with this, numerous studies also demonstrated that the anticarcinogenic effect of CLX 

did not rely on the involvement of its target protein COX-2 [79, 235]. The requirement 

of a large concentration of COX-2 in order to achieve COX-2 independent effect of 

CLX (>50 µM of CLX) in vitro exceeds the plasma concentrations of CLX that can be 

achieved upon a daily intake of 200–400 mg CLX. However, the concentration is still 

clinically relevant as most of the in vitro studies, including this study, have been 

performed in short duration of treatment. With a prolonged treatment period the 

effective dose of CLX could still be reduced [239]. Therefore, the plasma 

concentrations of CLX needed to generate a significant anticarcinogenic effect might 

be achieved in vivo with a longer treatment period [78]. In fact, inhibition of prostate 

cancer growth through COX-2 independent mechanism of CLX in vivo could be 

attained under a clinically relevant concentration [239]. 
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Figure 3.13 Representative image of cellular toxicity of pure CLX on HT-29, MDA-

MB-468, and SW-620 cells by MTT assay. 
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Figure 3.13 continued. 

The cells were treated with various concentrations of celecoxib (25-150 μM) for 24 h. 

The graph is a representative of three independent experiments. Columns represent 

means; bars represent S.D. 

 

 

 

Table 3.4 IC50 values for the inhibition of cellular proliferation in HT29, HCT-116, 

MDA-MB-468, and SW-620 cells after 24 h treatment with CLX (0–150 μM). 

 

 

 

 

 

 

 

 

Cell Lines IC50 Value (µM) 

HT-29 87 

MDA-MB-468 94 

SW-620 93 
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Cellular toxicity of EGFR-targeted ILs with encapsulated CLX content of  

100 µM was tested on MDA-MB-468, SW-620, and HT-29 cell lines for 4 h of 

treatment (Figure 3.14). MDA-MB-468 cells highly expressed EGFR, while HT-29 

and SW-620 cells expressed low and no detectable level of EGFR, respectively. HT-

29 cells expressed high level of COX-2 and SW-620 and MDA-MB-468 cells 

expressed low level of COX-2. For comparison with the targeted ILs, the toxicity of 

non-targeted LUVs was also examined. In addition, the toxicity of components of the 

ILs including 100 µM of pure CLX and empty liposomes were also carried out. 100 

µM of CLX was chosen because it was close to the IC50 of CLX in these cell lines. On 

the other hand, the empty liposomes dose use in the treatment was equal to the lipid 

concentration of the ILs with highest amount of CLX in order to determine the lipid 

associated toxicity. 

  

  

  

Figure 3.14 Cellular toxicity of CLX loaded EGFR targeted liposomes. 

Values denote Mean ± S.D. (A) SW-620, (B) MDA-MB-468 and (C) HT-29 were 

treated with 100 µM of free CLX, empty liposomes, or LUVs (LUV-100) and 

EGFR-targeted ILs (IL) loaded with 100 µM of CLX for 4 h. The cells were then 

allowed to recover for 24 h and the MTT assay was used to evaluate their viability. 
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Figure 3.14 continued. 

Values denote Mean ± S.D of percentage of viable cells with respect to untreated 

control cells from 2 independent experiments. Significance with respect to the control 

group was analyzed by one-way ANOVA using Tukeys’s multiple comparison test. 

‘ns’ stands for not significant, * P<0.05, **** P<0.0001. 
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In all cell lines, the empty liposomes did not show any significant toxicity 

compared to the control cells indicating that the lipids were not toxic at the 

concentrations used (Figure 3.14). The cytotoxicity of the EGFR-targeted ILs was 

compared with the non-targeted LUVs in order to evaluate the effectiveness of the 

EGFR targeting. In SW-620 cells, where EGFR expression is low, there was no 

significant difference between the toxicities of ILs and non-targeted liposomes 

(P>0.05) (Figure 3.14A). The free CLX was significantly more toxic in this cell line 

compared to LUVs or ILs (*P<0.05). On the other hand, in MDA-MB-468 cells, 

EGFR-targeted ILs were significantly more toxic compared to the non-targeted LUVs 

(*P<0.05) (Figure 3.14B). In fact, the toxicity of the EGFR-targeted ILs was 

comparable to free CLX treatment. This might indicate that the EGFR-targeted ILs 

could deliver CLX as rapidly as the easy diffusion of free CLX into the cells. On the 

other hand, in all cell lines, the treatment with the LUVs was less toxic than that of 

with free CLX. According to the in vitro release study of CLX from LUVs, only less 

than 30% of the drugs was released to the medium during the first 72 h of incubation 

at 37oC. Therefore, in case of LUVs, the amount of CLX that could functionally inhibit 

the proliferation of the cancer cells was only a small portion of the encapsulated drugs, 

which mainly originate from the drug’s diffusion from the liposomes. In other words, 

the rate of diffusion of CLX encapsulated within the LUVs to the cells was the limiting 

factor for the therapeutic efficacy of CLX-loaded LUVs. Interestingly, although the 

EGFR expression is low in HT-29 cells (please see Figure 3.6), the EGFR-targeted 

ILs were slightly more toxic compared to the non-targeted LUVs and the toxicity is 

comparable to the treatment with free CLX (Figure 3.14C). This could have resulted 

from the blockage of EGFR signaling subsequent to the internalization of the receptor 

upon the binding of EGFR-targeted ILs in these cells. HT-29 cells were shown to have 

an intermediate response to Cetuximab (anti EGFR mAB) therapy [86]. We have also 

observed that after 24h of treatment with 10μg/ml EGFR mAb (similar to the amount 

of mAB present on the ILs), the viability of HT-29 cells decreased to 73% (data not 

shown).  

In this study, the generated ILs contain only about 6 half-IgG molecules/ 

liposomes and with this number of targeting ligand, probably the CLX-loaded ILs was 
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not able to deliver the drug exceeding the diffusion of the free drug to the target cells 

including MDA-MB-468 cells. In fact, it is presumed that in order to have an optimum 

intracellular delivery of the drugs within the liposomes, 40 targeting ligands/liposome 

was required. However, it was reported that 6 Fab′ fragments per liposome was 

sufficient for endocytosis of 55-60% of the cell-associated anti-HER2 

immunoliposomes into HER2-overexpressing cells [166]. 

 Apart from that, the EGFR-targeted ILs were significantly more toxic 

compared to the non-targeted liposomes in MDA-MB-468 cells despite its low COX-

2 expression. To some extent, it can be attributed to the improvement in the 

intracellular delivery of CLX due to the presence of the EGFR antibody as the targeting 

ligand on the surface of the liposomes. An additional reason for the selective toxicity 

of the ILs in MDA-MB-468 cells could be related to the very high expression of EGFR 

in these cells compared to the other cell lines. The selective toxicity of the EGFR-

targeted immunoliposomes makes it more advantageous over the non-targeted 

liposomes since it is estimated that normal cells express several fold lower EGFR per 

cell compared to the tumor cells [33]. Therefore, it could spare the normal cells from 

toxicity of the EGFR-targeted ILs. 

Although MDA-MB-468 cells overexpress EGFR, in this cell, the cytotoxicity 

of the EGFR-targeted ILs may not be related to the inhibition of EGFR signaling 

pathway by the antibodies on the surface of the ILs. We have shown that the treatment 

of MDA-MB-468 cells with 10 μg/ml EGFR mAb alone for 24 h resulted in decrease 

its viability only by 6% (Data not shown). Additionally, the effect of combination 

treatment between 10 μg/ml EGFR mAb and 100 µM of CLX resulted in significant 

additive effect of inhibition in the proliferation only in HT-29 cells but not in MDA-

MB-468 cells (Data not shown). This could have resulted from the responsiveness of 

the HT-29 cells to the individual therapy, whereas MDA-MB-468 cells were highly 

responsive only to CLX but not to the anti-EGFR mAbs treatment. Therefore, the 

effect of the combination treatment in these cell lines mainly could be attributed to 

anticarcinogenic effect of the CLX. Our results along with the discrepancy between 

response to Cetuximab and the EGFR cell surface expression status reported in phase 

2 and phase 3 studies of  patients with lung, gastric, esophageal, and pancreatic cancer 
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[238–240] further validated that the response to anti-EGFR mAb therapy was not 

correlated with EGFR expression status.  

Regardless of the less efficient intracellular delivery of the encapsulated drug 

exhibited by non-ligand targeted liposomes compared to the free drugs, the high 

retention of the drugs within the liposomes is still necessary for effective in vivo 

delivery since the free drugs, especially CLX here, will have a large volume 

distribution and will be more prone to clearance by RES compared to the 

corresponding drug inside the liposomes. Therefore, ideally, in a similar manner like 

the non-ligand targeted liposomes, the ILs should have the ability to maintain the 

retention of the encapsulated materials during its circulation in the blood and after 

extravasation to the tumor interstitium as well as sufficient number of targeting ligands 

to optimally deliver the encapsulated drug to the target cells. 

As a continuation of our studies, in order to further increase the internalization 

of the EGFR-targeted liposomes for enhancing the delivery of CLX into the cancer 

cell with EGFR overexpression, it might be necessary to increase the density of the 

targeting ligand on the surface of liposomes. One of the attractiveness in using ILs for 

the cancer therapy is their ability to deliver high payload of the drugs to their target 

with relatively few number of antibodies per liposome [243]. The ILs were designated 

to improve the intracellular delivery of CLX through receptor mediated endocytosis of 

the liposomes [162]. In addition, the mechanistic action of immunoliposomes that can 

improve the therapeutic efficacy of anticancer drug is facilitated through the increased 

internalization and intracellular delivery of the drugs independent of the inhibition of 

intracellular signaling pathways [139, 222]. Therefore, as long as the extracellular 

domain of the target receptor is recognized by the antibody on the liposomes surface, 

the targeted ILs can be used to treat cancers with mutations that diminish the inhibitory 

effect of ligand binding blocking by mAbs.  
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CHAPTER 4 

 

CONCLUSIONS 

 

 

Since EGFR is highly expressed in a wide range of solid tumors, among the 

currently available targeting ligands, cetuximab (anti-EGFR monoclonal antibody) is 

a viable candidate for targeting liposomes to cancer cells. In the presented thesis, we 

aimed to develop EGFR-targeted immunoliposomes for enhancing the delivery of 

CLX to cancer cells. Our previous studies have shown the successful encapsulation of 

CLX within non-targeted Large Unilamellar Vesicles [178]. This formulation was 

shown to have desirable characteristics of a Drug Delivery System for CLX as well as 

functional efficacy (inhibition of proliferation and motility) against colorectal cancer 

cells [178] .  

In the current study, the characteristics of targeted CLX-loaded 

immunoliposomes including encapsulation efficiency, drug loading, in vitro release 

profile of CLX, and the conjugation of antibody on the surface of the liposomes were 

evaluated and the major observations are as follows: 

1. The ILs formulation of CLX was able to incorporate 40% of the CLX, maintain a 

sustained (not burst) release profile of CLX from the liposomes in vitro, and showed 

around 40% conjugation of the antibody. 

2. The extent of the cellular internalization of the EGFR-targeted ILs was compared 

with the non-targeted LUVs. The internalization was qualitatively visualized with 

Laser Scanning Confocal Microscopy (LSCM) and quantitatively measured with flow 

cytometry. In accordance with the flow cytometry data, confocal microscopy showed 

a significant accumulation of the ILs within the EGFR-overexpressing cells compared 

to the non-targeted liposomes and the z-stacks indicated that the internalized liposomes 

were localized within the cytoplasm. 

3. The cellular toxicity data revealed that 4 hours of treatment with the EGFR-targeted 

ILs loaded with CLX was more toxic to the EGFR overexpressing cell lines compared 
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to the non-targeted liposomes. In addition, the cellular toxicity of the CLX containing 

EGFR targeted ILs were comparable to that of free CLX only in EGFR overexpressing 

cell lines. The cytotoxicity studies also showed that pure CLX (non-liposomal) or the 

CLX-loaded liposomes were toxic to both COX-2 positive and COX-2 negative cells. 

All in all, functional studies carried out in this thesis have shown that surface 

decoration of CLX-loaded liposomes with the EGFR antibodies resulted in increase 

the selective toxicity and intracellular delivery of the liposomes to EGFR-

overexpressing cancer cells but not to  cancer cells with a low expression of EGFR. 

The internalized CLX-loaded ILs can then exert their anticarcinogenic properties 

through both COX-2 dependent and independent functions.  However, according to 

our cellular association studies, targeting the CLX loaded liposomes with anti-EGFR 

mAbs significantly improved the cellular uptake of the liposomes in the EGFR-

overexpressing cell lines implying an improvement in the ligand targeted liposomes 

over the non-targeted ones. We believe that the major role played by the EGFR mAb 

on the liposome surface was to enhance the internalization of the liposomes; rather 

than bind to EGFR and interfere with the EGFR signaling pathway. Consequently, the 

main mechanism of cell death resulting from these immunoliposomes could have 

resulted from the COX-2 independent effects of CLX.  

 

FUTURE DIRECTIONS 

The results presented in this study are important in that they provide an insight 

that ligand targeted liposomes could improve tumor targeting as well as the 

intracellular delivery of CLX. Further studies employing higher ligand density on the 

surface of the liposomes may be necessary in order to make the in vitro delivery 

liposomal CLX comparable to the cellular uptake of free CLX. In addition, in vivo 

studies to test the efficacy of targeted or non-targeted liposomal CLX will also be 

essential. This could potentially lead to the advancement in the nanoparticles based 

drug delivery system over the conventional systemic administration of drug by 

increasing the dose of the therapeutic drug at the target site and thereby preclude the 

development of systemic side effects. 
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  APPENDIX A 

 

STANDARD CALIBRATION CURVES 

 

 

 
Figure A. 1 Standard calibration curve of CLX. 

 

 

 
Figure A.2 Standard calibration curve of CLX for HPLC. 
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Figure A.3 Standard calibration curve of DSPC.

 

 

Figure A.4 Standard calibration curve of IgG. 
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APPENDIX B 

 

CHARACTERISTICS OF HUMAN COLORECTAL  

AND BREAST CANCER CELL LINES 
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