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摘要 

  肿瘤新生血管对于肿瘤病程的发展起着至关重要的作用，也是肿瘤治疗中的特异性靶标。

尽管目前关于肿瘤新生血管抑制剂的研究取得了一些进展，然而在实际的治疗方案中人们

发现实体瘤对这些抑制剂的响应效果十分有限。据报道，对乏氧环境下肿瘤血管生成的逃

避是造成单一化疗药物治疗实体瘤效果不佳的原因所在。为了增强抗肿瘤血管生成的效果，

联合化疗药物治疗被认为是一种有效的途径。然而，这一治疗策略也面临着药物的协同治

疗作用并不一定能够得到有效发挥的挑战。这就需要优化不同药物之间的配比，以达到抑

制血管生成与增加肿瘤微环境药物浓度之间的平衡。 

 本课题旨在解决临床上抗血管生成与化疗药物联合给药时的药物组合困境，我们设计并

开发了一种荷载两种药物的纳米药物递送系统，根据肿瘤新生血管的特性，达到既能够增

强抗血管生成作用又能够增加荷载药物对肿瘤细胞杀伤作用的目的。我们构建了一种核-

壳脂质纳米胶囊药物递送系统 DTX/ITZ-LNCs。该纳米胶囊的脂质外壳能够捕获抗血管生

成药物伊曲康唑（ITZ），疏水性内核能够包封抗微管生成的药物多西他赛（DTX）。该纳

米胶囊能够同时在两种疏水部位荷载两种疏水性药物，并在体外进行释放。 

  在体外实验中我们发现，双药递送系统 DTX/ITZ-LNCs 对敏感性乳腺癌细胞 MCF-7 有良

好的细胞毒作用。与此同时，体外抗血管生成实验结果表明，DTX/ITZ-LNCs 能够有效抑

制血管内皮生长因子诱导的人血管内皮细胞 HUVECs 的迁移和侵袭作用。随后在小鼠体内

抗血管生成实验中，我们证实了 DTX/ITZ-LNCs 能够抑制新生血管的形成。最后，我们也

对 DTX/ITZ-LNCs 在肿瘤异种移植的小鼠中的抗肿瘤作用进行了全面评价，我们发现经全

身给药后，荷瘤小鼠的肿瘤被 DTX/ITZ-LNCs 有效地抑制了生长。另外，双重载药纳米系

统的静脉给药是安全的，并且治疗期间在小鼠器官中没有表现出毒性。 
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  总之，本课题的研究结果应证了纳米药物递送系统在解决实体瘤药物递送方面具有巨大

的潜力。我们构建的 DTX/ITZ-LNCs 双药递送系统也为抗肿瘤药物设计提供了一种优化抗

血管药物和化疗药物组合的药物递送平台。 

关键词：抗血管生成；伊曲康唑；多西他赛；纳米药物递送系统；联合治疗 
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ABSTRACT 

     Tumor angiogenesis has been established as a significant process in tumor development and 

has become a unique target in cancer therapy. However, despite progress made so far in the 

development of angiogenesis inhibitors, response to these agents in solid malignancies has been 

limited. Evasive hypoxia-mediated resistance has reportedly been the cause of the treatment 

failure associated with the antiangiogenic monotherapy. In order to complement the antitumor 

effect of antiangiogenesis, combination with chemotherapy was seen as promising multi-modal 

strategy for optimum treatment outcome. Yet, this too, has faced some challenges that have 

limited the expected synergistic effect. One main challenge is the need to optimize the dose 

scheduling of both therapy agents so as to balance the effect of antiangiogenesis with the 

accumulation the cytotoxic drug within the tumor microenvironment.  

     In this study, we developed a nanomedicine-based drug delivery system that would take 

advantage of the unique nature of tumor vasculature as well as the capability to load and release 

multiple drugs, to improve both the antiangiogenic activity and cytotoxic activity of the loaded 

drugs. Our dual-drug loaded nanosystem was designed to resolve the dose-scheduling dilemma 

that is often the case when combining an antiangiogenic agent with chemotherapy. We designed 

a hybrid core-shell “lipid nanocells” drug delivery systems (denoted as DTX/ITZ-LNCs), which 

entrapped a repurposed antiangiogenic drug itraconazole (ITZ) in the outside liposomal shell and 

encapsulated a microtubule acting cytotoxic drug, docetaxel (DTX) in the inner hydrophobic 

PLGA core. The nanocarrier showed efficient loading of both hydrophobic drugs in the two 

hydrophobic compartments of the system with appreciable release of both drugs in vitro.  

     Further in vitro evaluations showed that the dual drug loaded DTX/ITZ-LNCs had a good 

cytotoxic efficacy against sensitive breast cancer cell line MCF-7. Also, in vitro antiangiogenic 

evaluations showed that DTX/ITZ-LNCs effectively inhibited the migratory and invasive actions 

of HUVECs that were induced by vascular endothelial growth factor (VEGF). Subsequent in 

vivo antiangiogenesis evaluation revealed the tendency of DTX/ITZ-LNCs to inhibit the 

formation of new blood vessels in subcutaneously implanted VEGF supplemented matrigel plugs 

in mice. Finally, we evaluated the antitumor property of our hybrid nanosystem in established 

MCF-7 tumor xenograft model. The tumor growth in these mice model was effectively inhibited 

by the systemic administration of the DTX/ITZ-LNCs. Also, the intravenous administration of 
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the dual drug loaded nanosystem was safe and showed no sign of toxicity in the mice organs 

during the duration of treatment. 

     In summary, our findings emphasized that nanomedicine-based drug delivery systems has 

great potentials in resolving drug delivery challenges to solid tumors and the results obtained in 

this particular study showed that the DTX/ITZ-LNCs provided a drug delivery platform that can 

optimize the combinatory effects of an antiangiogenic agent with a conventional 

chemotherapeutic agent.  

Keywords: Antiangiogenesis; Itraconazole; Docetaxel; Core/Shell Nanocarrier; Combinational 

Therapy 
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Chapter 1 Introduction 
 

1.1 Formation of New Blood Vessels 
 

 The development and growth of new blood vessels is an essential part of life required for 

reproduction and wound healing. Blood vessels are needed for the transport of oxygen and 

nutrients to all body cells and also dispose of waste products in order to maintain the cell 

metabolic processes for sustaining life.  Beginning at the onset of a new life, throughout the 

sustaining and maintenance of life and even in disease, several modes of blood vessel formation 

have been identified and categorized (Fig 1.1). During the development of an embryo, blood 

vessels originate from angioblasts, which are endothelial cells precursors. The angioblasts share 

an origin with the hematopoietic progenitors and differentiate into endothelial cells which in turn 

assemble into a primitive vascular labyrinth through a process known as vasculogenesis [1, 2]. 

This close coordination between the blood and vascular system for formation of new blood 

vessels from pre-existing vessels through the process known as angiogenesis remains vital 

throughout life. Normal physiological angiogenesis is necessary for tissue maintenance and 

wound repair, while pathological angiogenesis play a vital role for the progression of tumor 

growth and metastasis beyond a microscopic size [3, 4].  

 

Figure 1.1 Schematic overview of vasculogenesis and angiogenesis, showing how endothelial-cell precursors 

(angioblasts and haemangioblasts) fuse and differentiate into endothelial cells (a), and form primitive 

vasculogenic networks (vasculogenesis) (b). Remodeling of the vasculogenic networks occurs through 

angiogenesis (c), which involves sprouting, intussusceptions and/or bridging, in order to form microvessels. 

Figure adapted from ref [5]. 
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1.2 Tumor Angiogenesis 
 

     Cancer cells depend on the excessive proliferation of blood vessels in the tumor 

microenvironment for the supply of adequate blood and nutrients to sustain tumor growth. 

Without the onset of angiogenesis, the tumor cannot grow larger than about 1-2 mm in diameter 

[6]. Angiogenesis, however does not initiate tumorigenesis, it promotes the progression of tumor 

and metastasis. A number of factors are involved in the process of angiogenesis. Some of these 

factors enhance the process while other factors are inhibitory. A shift in the balance between 

these proangiogenic factors and the anti-angiogenic factors determines, to a large extent, whether 

there will be an initiation of angiogenesis. In normal cells, these factors are normally regulated to 

a fine balance to neither promote excessive formation of blood vessels nor prevent angiogenesis 

when needed. Whereas, in cancer cells, there is an increase in the expression of the 

proangiogenic growth factors which favors the proliferation of endothelial cells in the tumor 

microenvironment, leading to the excessive formation of new blood vessels. Some of these 

proangiogenic factors include: Vascular Endothelial Growth Factor (VEGF), Epidermal Growth 

Factor (EGF), Fibroblast Growth Factor (FGF), Platelet-Derived Growth Factor (PDGF) and 

Transforming Growth Factor-β (TGFβ) [7]. The onset of tumor angiogenesis termed the 

“angiogenic switch” plays an important role in several steps of tumor progression including 

enhancing a small avascular primary tumor into becoming a large vascular tumor [8]. A cascade 

of multiple signal transductions is initiated which proceeds to the sprouting and maturation of 

new blood vessels as showed in Fig 1.2. Hypoxia caused by insufficient oxygen supply in a fast 

growing solid tumor is one of the key trigger conditions for this angiogenic switch. 
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Figure 1.2 The angiogenesis process. A cascade of multiple signal transductions are involved in the process of 

angiogenesis. Source: The Angiogenesis Foundation, http://www. angio. org/wpcontent/ uploads/ 2013/03/ 

Angiocascade.jpg 

 

1.3 Hypoxia and Angiogenesis  
 

     Once a tumor becomes malignant, the increased proliferation of cancerous cells leads to a 

more oxygen starved tumor microenvironment (hypoxia). This hypoxic condition stimulates a 

cascade of signals that would initiate several adaptive changes in the tumor microenvironment 

such as the proliferation of blood vessels to supply the much needed oxygen and nutrients for the 

growth and progression of the tumor. Hypoxia activates cancer cells and promotes their 

capability to induce angiogenesis and the invasive growth of tumor cells via the hypoxia-

inducible factor-1 (HIF-1). The HIF-1, a member of the hypoxia-inducible factors (HIFs), is a 

heterodimeric transcription factor consisting of HIF-1α and HIF-1β subunits. HIF-1α is the 

oxygen-maintaining specific subunit of HIF-1 transcriptional activators that functions to 

maintain oxygen homeostasis [9, 10]. One of the remarkable pathways for HIF-1 to maintain 
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oxygen supply is to activate the transcription of VEGF gene, the gene encoding Vascular 

Endothelial Growth Factor-A (VEGF-A), which is primary growth factor required for tumor 

angiogenesis [11, 12]. Several other members of the VEGF family have also been described over 

the past few years which include the placenta growth factor (PlGF), VEGF-B, VEGF-C, VEGF-

D, VEGF-E and VEGF-F [13-20]. Since VEGF-A plays a role of prime importance in angiogenesis, 

it will henceforth be simply referred to as VEGF. 

 

1.4 Vascular Endothelial Growth Factor and Tumor Angiogenesis 
 

     The initiation of angiogenesis by cancer cells in order to sustain tumor growth and metastasis 

has been a major focus in cancer research over the past few decades. Over the years, numerous 

discoveries have been made in efforts to identify the growth factors involved in the process of 

angiogenesis. Senger and his collaborators in 1983, reported the identification of a protein called 

Vascular Permeability Factor (VPF), while studying the physiological properties of tumor 

vasculature. Their report showed that the partially purified VPF seemed to be a specific regulator 

of the hyper-permeability of blood vessels and might also be involved in the formation of tumor 

associated ascites [21]. Later in 1989, Ferrara and Henzel reported the identification and isolation 

of an endothelial cell mitogen that showed growth-promoting activity only towards vascular 

endothelial cells [22]. Their subsequent report same year of the cDNA cloning of VEGF during 

which they identified clones encoding a 121, 165 and 189 amino-acid molecular species 

(VEGF121, VEGF165 and VEGF189) and the simultaneous report of clone encoding a VEGF189 

identical peptide after a cDNA cloning of VPF by Connolly’s group also in 1989, showed that 

the two separately identified and named proteins, VPF and VEGF, were actually one and same 

molecule [23, 24].  Later on, a fourth isoform of the VEGF was identified and designated as 

VEGF206. Just like the VEGF189, VEGF206 contains the entire sequence of VEGF165 as well as an 

additional highly basic 24 amino acids inserted at the same site that begins the deletion in 

VEGF121. In addition, another 17 amino acids may also be encoded generating VEGF206 
[25]. 

These different isoforms of VEGF are as a result of alternative splicing of the VEGF mRNA. 

VEGF121 which is the native isoform of the heterogeneous molecule was found to be readily 

diffusible because it does not bind to heparin unlike VEGF165, which is a soluble heparin-binding 

isoform. The VEGF189 isoform is poorly diffusible because of the highly basic 24-amino acid 
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insertion which keeps it bound to the cell surface and the extracellular matrix [26]. Hence, the 

VEGF121 is the more likely isoform to play a key role in angiogenesis.  Being a secreted protein, 

VEGF is now known to play a central role as an essential growth factor for normal angiogenesis 

to occur. The released VEGF binds to vascular endothelial growth factor receptor (VEGFR) on 

the surface of endothelial cells. As a result, a downstream cascade of proteins transmitting a 

signal to the nucleus of the endothelial cell is activated, initiating new endothelial cell growth. 

VEGF is required for both normal embryonic vasculogenesis and in angiogenesis for wound 

healing or in diseases [27-29]. The earliest evidence that its expression is correlated to formation of 

new blood vessels came from a study by Phillips H.S. et al, which showed that VEGF mRNA 

was expressed at low levels in the avascular granulosa cells in the ovary, but was upregulated in 

the highly vascularized corpus luteum [30]. The growth-promoting activity of VEGF towards 

vascular endothelial cells in the development of new blood vessels is very vital for tumor growth 

as its expression was found to be upregulated in a many tumor types [31]. Consequently, research 

interests were directed towards the development of neutralizing anti-VEGF monoclonal 

antibodies. The role of VEGF in tumor angiogenesis was established to be vital for angiogenesis 

in vivo when their function was blocked using such anti-VEGF blocking antibodies. This strategy 

became apparent as a viable method to inhibit tumor growth. Subsequently, humanized anti-

VEGF monoclonal antibodies were developed for cancer therapy and bevacizumab was the first 

to be approved by the US Food and Drug Administration (USFDA) [32]. 

 

1.5 Inhibition of Angiogenesis for Cancer Treatment 
 

     The establishment of the role of growth factors that are involved in angiogenesis and their 

effect on tumor progression opened a whole new treatment strategy for solid tumors and as a 

result, several antiangiogenic agents have been developed to inhibit angiogenesis. Though these 

antiangiogenic agents have several mechanisms for their inhibition, they can be broadly divided 

into two categories based on whether they act directly on the endothelial cells to prevent 

proliferation by reducing response to growth factors or act indirectly on the tumor cells to inhibit 

the synthesis and secretion of the endothelial cells growth factors (Fig 1.3).  
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Figure 1.3 Direct and indirect inhibitors of angiogenesis. Direct angiogenic agents such as endostatin, target 

the microvascular endothelial cells. While the indirect angiogenic agents such as Iressa target the growth factor 

proteins or their receptors [33]. 

 

1.5.1 Direct Inhibition of Angiogenesis 
 

     The direct acting antiangiogenic agents interfere with the response of endothelial cells to a 

number of proangiogenic growth factors including VEGF [33]. This category of antiangiogenic 

agents prevent the endothelial cells from proliferating or migrating in response to signals from 

the growth factors. Endostatin and tumstatin are typical examples of this category of inhibitors. 

Endostatin is reported to target integrin-α5β1 in order to inhibit endothelial cell proliferation and 

migration, and induce apoptosis of proliferating endothelial cells [33]. And tumstatin was shown 

to localize to select tumor endothelium in vivo and bind specifically to αvβ3 on proliferating 

endothelial cells. Through binding to the αvβ3 integrin, tumstatin inhibited the activation of focal 
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adhesion kinase, PI3K, Akt, mammalian target of rapamycin (mTOR) in the endothelial cells [34, 

35]. Because these direct acting antiangiogenic inhibitors act only on the endothelial cells which 

are genetically stable, it’s been shown that they are least likely to acquire drug induced resistance 

[36].  

1.5.2 Indirect Inhibition of Angiogenesis 
 

     Indirect angiogenic inhibitors are a group of inhibiting agents that basically prevent the 

expression of or block the activity of proangiogenic tumor proteins that activates angiogenesis. 

They may also act by blocking the expression of the protein receptors on endothelial cells [37]. 

Because indirect angiogenesis inhibitors interfere with the activity of tumor cells as part of their 

mode of inhibition of angiogenesis, tumors are believed to be able to circumvent their inhibitory 

effect by switching the production of proangiogenic factors (e.g., from VEGF to bFGF)[38]. 

Examples of the classes of indirect angiogenesis inhibitors include: (1) Multi-targeted small 

molecule tyrosine kinase inhibitors (TKIs) of VEGF receptors (VEGFR1, VEGFR2 and 

VEGFR3) expressed on the endothelium which block the catalytic function of the receptors 

thereby preventing their response to VEGF (e.g., vatalanib, vandetanib, and sunitinib). (2) 

Monoclonal antibody inhibitors that binds and neutralizes biologically active forms of  VEGF (e. 

g., bevacizumab) and (3) EGF receptor TKIs, which block the production of the proangiogenic 

proteins VEGF, basic fibroblast growth factor (bFGF), and transforming growth factor-α (TGF-α) 

(e.g., gefitinib, erlotinib HCl, cetuximab) [37, 39, 40].  

1.6 VEGF-Targeted Therapy 
 

     Since VEGF has been identified to play the most vital role in angiogenesis compared to other 

tumor pro-angiogenesis proteins, inhibition of the process of angiogenesis initiated by specific 

interactions between VEGF and tyrosine-kinase receptors, a key structural element responsible 

for binding and signal transduction, stands out as a leading strategy for developing a new 

antiangiogenesis inhibitors (Fig 1.4). Bevacizumab, a humanized monoclonal antibody that binds 

and inactivates all isoforms of VEGF-A is the prototype of a VEGF-targeted therapy and was the 

first to be approved for use in cancer therapy.   The successful preclinical results of its VEGF 

blocking over two decades ago, followed by the successful clinical studies gave credence to this 

strategy of VEGF blocking as a promising breakthrough for cancer therapy and subsequently, in 
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2004 bevacizumab was first approved by the FDA for colorectal cancer and followed by 

approval by the European Medicines Agency EMEA for the same indication in 2005[41-43]. These 

approvals for bevacizumab were based on clinical studies that showed a statistically significant 

improvement in progression-free survival (PFS) and overall survival (OS) (OS: 20.3 months for 

leucovorin + bevacizumab vs. 15.6 months for leucovorin + placebo, hazard ratio for death of  

0.66, p < 0.001)[43]. This recorded progression-free survival did not translate into an overall 

survival benefit. And with some subsequent trials yielding non significant benefit especially as a 

monotherapy in breast cancer, and its tendency to cause some severe side effects such as 

hypertension, stroke, proteinuria, and wound healing complications, the FDA withdrew the 

approval for bevacizumab for breast cancer[44]. However, it is still being used in combination for 

other indications and several other clinical trials are being carried out to optimize its use in 

combination with other therapy methods. The tyrosine kinase inhibitors, sunitinib and sorafenib 

are examples of the TKIs that target intracellular catalytic function of the VEGFR receptors 

(VEGFR-1, VEGFR-2, and VEGFR-3) as well as other angiogenic receptors. These TKIs can 

permeate through the cell membrane where they interfere with the downstream kinase signaling 

pathways. The TKIs have shown interesting results so far, but these results provide little 

evidence for these inhibitors as monotherapy or in combination therapy when compared with 

bevacizumab [45]. In one Phase III trial, sunitinib plus paclitaxel was compared with bevacizumab 

plus paclitaxel as a treatment for patients with HER-2 negative breast cancer. The trial data 

showed a median PFS of 7.4 months in the sunitinib group and 9.2 months in the bevacizumab 

group [46]. Sorafenib has also shown a not so convincing outcome from clinical trials with some 

showing promising results and others showing disappointing results [47, 48]. There have also been 

cases of resistance or lack of response to these antiangiogenic agents when used as a 

monotherapy [49]. The conflicting data from the clinical trials for these VEGF-targeting agents as 

monotherapy necessitated more research into their efficacy in combination therapy and also for 

predictive biomarkers that will enable in the selection of likely patients that will benefit from 

these agents [50]. This has also led to more research for more viable antiangiogenic agents.  
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Figure 1.4 Targeting VEGF and its receptors to inhibit angiogenesis. Source: The Angiogenesis Foundation, 

http://angio.org/learn/treatments/ 

1.7 Metronomic Chemotherapy 
 

     The administration of low dose chemotherapy for a continuous period of time without 

prolonged intervals has been reported to have antiangiogenic effects [51, 52]. The antiangiogenic 

effect of low dose chemotherapy is believed to be associated with their inhibition effect on cell 

division and replication which also affects endothelial cells. This in turn reduces the response of 

endothelial cells to angiogenic growth factors [53]. Cyclophosphamide given at a metronomic 

dose has been reported to increase the level of thrombospondin 1, and in combination, 

methotrexate have been shown to reduce the serum VEGF level in breast cancer patients [54]. In 

combination with a standard bevacizumab antiangiogenic therapy, metronomic chemotherapy 

could optimize the anti-angiogenic effects while reducing the side effects when compared with a 

standard dose chemotherapy combination [55]. The limitation in this strategy is the difficulty in 

identifying the smallest dose and most frequent dose schedule that will maximize angiogenesis 

inhibition.  

1.8 Itraconazole as an Antiangiogenic Agent 
 

     Itraconazole was originally developed in the 1980s as a CYP450 enzyme lanosterol 14-α 

demethylase (14DM) inhibiting triazole antifungal drug but it’s been recently repositioned as an 

antiangiogenesis anticancer drug [56-60]. Itraconazole was an unexpected antiangiogenic ‘hit’ from 
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the screening of old drugs for novel biological functions [58]. Although the exact mechanism of 

its inhibition of angiogenesis is yet to be confirmed, one study suggested that it inhibits mTOR in 

endothelial cells by impairing cholesterol trafficking [61]. Nonetheless, preclinical studies have 

showed that itraconazole inhibits in vitro capillary tube formation, inhibits neovascularization in 

mice matrigel model, delay the growth of tumor in xenograft mice models and also inhibited 

metastasis in prostate cancer mice model [58, 62, 63]. In addition, clinical trials on itraconazole in 

combination with chemotherapy have shown some modest outcome that necessitates more 

studies to fully maximize this repositioned antiangiogenic agent [64]. Itraconazole is relatively 

cheaper than the approved antiangiogenic agents currently used in clinic; it can be taken orally 

for up to 3 months, has a relatively safe history of use in clinic and is less toxic at concentrations 

that have shown antiangiogenic effects in preclinical studies [58]. 

1.9 Adverse Effects of Antiangiogenesis Therapy 
 

     Though it was initially thought that the use of antiangiogenic agents in cancer therapy would 

have mild side effects, it was quickly realized after several pre-clinical and clinical studies that 

they could indeed cause some serious side effects. The first and so far, the most studied VEGF-

targeted antiangiogenic agent, bevacizumab, has been implicated in many different side effects 

that includes: proteinuria, hypertension, myocardial infarction, hemorrhage, bowel perforation, 

arterial thromboembolism, fatigue, and wound-healing complications [65-68]. Being a VEGF-

targeted antiangiogenic agent, most of the side effects associated with bevacizumab are as a 

result of its interference with other normal cells processes that depends on this growth factor 

pathway (Fig 1.5). Hypertension is the most documented cardiovascular side effects of the 

VEGF inhibitors currently used in clinic [69-72]. In one study, Yang et al. reported that more than 

one-third of the patients treated with high dose bevacizumab had experienced hypertension [70]. 

Since VEGF is necessary for maintenance of a healthy endothelium, it’s believed to exert 

hypotensive effect in vivo by regulation of nitric oxide (NO) released by the endothelial cells [73]. 

Inhibition of VEGF would impair the regulatory function on endothelial cell and would induce or 

exacerbate hypertension by causing vasoconstriction [74].  Similarly, wound healing being a 

complex process involving angiogenesis could result to complications following 

antiangiogenesis therapy. In wound healing, there is a regulation of the interactions between 

endothelial cells, platelets and the many factors involved in the coagulation cascade. Inhibition 
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of the VEGF pathway would disrupt this normal healing process and could delay wound healing 

[75]. The TKI inhibitors, such as sorafenib and sunitinib also caused a range of adverse effects 

including neutropenia, thrombocytopenia, diarrhea, hypertension, fatigue, alopecia and nausea in 

clinical trials [76-78]. Other antiangiogenic agents such as the direct acting antiangiogenesis 

inhibitor, endostatin are also known to cause myocardial infarction, gastrointestinal hemorrhage, 

bowel obstruction, and abdominal pain [79]. Moreover, the repositioned FDA approved 

antiangiogenic agents such as thalidomide were also found to cause venous thromboembolism in 

patients in addition to their previously know adverse effects [80]. Also in this class of drugs, 

newly repositioned drugs with antiangiogenic properties such as itraconazole are likely to cause 

some potential side effects due to their antiangiogenesis inhibition. So far, these have remained 

unknown and could be mild if any, since they have been relatively safe in other indications. 

Doctors and researchers will only learn more about any possible side effects with these agents 

with more clinical trials and usage.  

 

Figure 1.5 Some examples of the physiological functions of VEGF/VEGFR signaling and consequence of 

blocking these pathways. VEGF signaling via VEGFR on endothelial cells leads to downstream molecular and 

cellular events including production of NO and PGI2, increase in permeability and endothelial cells 

proliferation, survival, and migration. Because these VEGF-dependent effects are essential for physiological 

functions and processes such as angiogenesis and homeostasis of the Endothelia cells–platelet interactions, 

blocking them can disrupt this normal vascular response to stress conditions leading to many pathological 
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consequences that include compromised wound healing and tissue repair, arterial thromoembolic events, 

cardiac dysfunction, hypertension, and renal toxic effects. Figure from ref [74]. 

1.10 Drug Acquired Resistance to Anti-Angiogenic Therapy 

 
     Irrespective of the modest benefits gained with the use of antiangiogenesis therapy, there is 

still a challenge to contend with drug induced resistance as is the case with most conventional 

chemotherapy drugs.  While many tumor types respond differently to antiangiogenic therapy, 

both clinical and experimental data have shown that unconventional drug resistance develops in 

response to this therapy strategy [81]. Antiangiogenic agents were initially thought unlikely to 

develop resistance because they target endothelial cells that are supposed to be genetically stable. 

The evasive resistance of tumor to antiangiogenesis is largely indirect. A prevailing hypothesis 

for this resistance is that, angiogenic tumors can adapt to the presence of angiogenesis inhibitors, 

eventually acquiring the abilities to functionally evade the therapeutic blockade of angiogenesis 

by the specific antiangiogenic agents [82-85]. So, the success of the angiogenesis inhibition can 

eventually be cancelled out by a reactive resistance associated with the hypoxic condition 

resulting from the inhibition of angiogenesis (Fig 1.6).  

 

Figure 1.6 Reactive resistances to antiangiogenic therapy. The shutdown of oxygen supply to the tumor 

microenvironment by an antiangiogenic agent results to hypoxia, which in turn upregulates and stabilizes HIF-

1 in cancer cells. HIF-1 transactivates several other angiogenic factors to reestablish angiogenesis, thus 

resisting antiangiogenic therapy. This hypoxic response delays and hinders cancer cell death and may even 

stimulate migration, invasion, and metastasis. Figure from ref [86].  
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     This hypoxic response is triggered to a large extent by HIF-1α. However, the molecular basis 

of HIF-1α’s contributions to drug resistance is most likely complex and depends on the tumor 

type and microenvironment [85].  In a study by Casanovas and his colleagues, genetically 

engineered mice were treated with a monoclonal antibody (DC101) that specifically blocked 

VEGFR signaling. An initial tumor stasis and reduction in vascularity were observed for a short 

period of 10-14 days after which the dense tumor vasculature was restored followed by tumor 

regrowth [84]. The relapsed tumors were found to express high levels of mRNA for other 

alternative pro-angiogenic growth factors such as fibroblast growth factor 1 (FGF1) and FGF2. 

At the peak of the hypoxia, when the oxygen supply to the tumor microenvironment is acutely 

reduced, there is a rapid accumulation of the HIF-1α which in turn activates these alternative 

survival growth factors that re-initiates the tumor angiogenesis [86].  This compensatory hypoxic 

response could also include the inhibition of the secretion of endogenous antiangiogenic factors 

such as thrombospondin-1 (TSP-1), in order to resolve the hypoxia [87]. So, having realized that 

antiangiogenic therapy cannot literally starve tumor cells to death as initially thought, interest of 

researchers and clinicians have been focused on how to effectively combine antiangiogenic 

agents with other established therapy methods. Optimization of the combination of continuous 

low-dose chemotherapy (metronomic chemotherapy) with inhibitors of VEGF or VEGFR for 

increased therapeutic efficacy without the occurrence of evasive resistance is one of such 

strategies being developed [88, 89].  

 1.11 Vascular ‘Normalization’ Effects of Antiangiogenic Agents  
 

     The concept of tumor vasculature ‘normalization’ was proposed by Jain Rakesh to explain a 

conflicting observation on the long time effects of antiangiogenic therapy. According to his 

hypothesis, the antiangiogenic agent restores the normal tumor vasculature (Fig 1.7A) by 

restoring the balance in the pro- and anti-angiogenic factors leading to the ‘normalization’ of the 

abnormal tumor vasculature (Fig 1.7C) [90]. This will alleviate the effect of hypoxia and increase 

the perfusion of the tumor microenvironment with oxygen and any other conventional therapies. 

This ‘normalization’ of the vasculature explains the enhanced efficacy of radiation therapy and 

chemotherapy when combined with antiangiogenesis. However, this period of ‘normalization’ is 

short lived and the timing of this ‘normalization window’ is critical for enhanced efficacy of a 
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combined therapy. Excessive dose of the antiangiogenic agent may destroy too much of the 

tumor vasculature leading to hypoxia and poor drug delivery (Fig 1.7D). So an optimal dose of 

the antiangiogenic agent as well as a good understanding of the normalizing window would be 

needed for maximum benefit of this effect especially in combination therapy.  

 

Figure 1.7 The normalization of angiogenesis hypothesis. (A) There is a balanced effect of the proangiogenic 

and antiangiogenic endogenous factors in normal. As a result, the blood vessels in normal tissues have normal 

structure and distribution function. (B) Whenever there is an imbalance in these factors in favor of the 

proangiogenic factors, the vessels proliferate and become structurally and functionally abnormal as is the case 

in some disease states like in solid tumor. (C) The ‘normalization’ hypothesis by Jain Rakesh and his team is 

that the administration of effective antiangiogenic agents can ‘normalize’ abnormal vessels and make them less 

leaky and resemble normal vasculature by rebalancing the pro and antiangiogenic factors. (D) On the other 

hand, higher doses of a potent antiangiogenic agent will tilt the balance in favor of antiangiogenic factors 

which will completely destroy these abnormal vessels leading to inadequate supply to the tumor 

microenvironment. Figure adapted from ref [91]. 

1.12 Effects of Antiangiogenesis on Combination Therapy 
 

     Since antiangiogenic agents are only cyostatic rather than cytotoxic, the tumor cells can wait 

out and evade their effects and reinitiate angiogenesis to continue progression [92]. So, a 

combination with a cytotoxic agent would be very complimentary to their effects. Currently there 
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are about 200 clinical studies on combination therapy regimens involving an antiangiogenic 

agent in combination with other conventional chemotherapy and more than half of these studies 

involves the VEGF neutralizing agent, bevacizumab [93]. Many of the already completed clinical 

studies, like other drug combination therapies, showed that there is potential benefit for this 

combination in cancer treatment but, also these studies highlighted a critical challenge that has to 

be resolved if this combination strategy will achieve optimum clinical therapeutic efficacy [94]. 

There was evidence of increased vascular patency with accompanying increased tumor blood, 

increased drug uptake and decreased tumor hypoxia during these studies [95-99]. However, these 

positive responses and improvement in the function of the tumor vasculature were transient, 

providing only a window of normalization of the tumor vasculature after which there could be a 

relapse in angiogenesis due to evasive resistance to the action of the antiangiogenic agent [90]. A 

cytotoxic drug introduced in the treatment schedule will benefit from the normalization window 

to cause maximum cell death and tumor growth inhibition. So, the critical challenge in this 

strategy is the selection of optimal dosing and scheduling of the antiangiogenic agent in order to 

increase the exposure of the tumor cells to cytotoxic drug during the period of increased tumor 

perfusion.  

1.13 Dose Scheduling of Chemotherapy and Antiangiogenic Drug Combination  
 

     Preclinical and clinical studies have shown that there is a consequence to the choice of dose 

and dose scheduling in the combination of antiangiogenesis and chemotherapy. Low-dose 

bevacizumab has been reported to improve clinical responses in combination with chemotherapy 

than the high-dose bevacizumab administration [100]. High dose bevacizumab was believed to 

have closed the ‘normalization window’ prematurely limiting the cytotoxic effect. So the key 

question remains, what is the optimal scheduling of chemotherapy in combination with 

antiangiogenic therapy? Maintaining a balance between excessive angiogenic suppression and 

insufficient suppression is no doubt, the main challenge that needs to be resolved in order to keep 

the ‘normalization window’ open and get more cytotoxic drugs into the tumor microenvironment 

(Fig 1.8). A continuous inhibition of angiogenesis may be counterproductive on a long term 

treatment schedule.  So, intermittent scheduling of the antiangiogenic agent has been proposed 

and is being investigated as a solution to resolve this dilemma [101, 102]. However, proper 
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understanding of the duration of the ‘normalization window’ by non-invasive techniques is 

needed to effectively time the administration of the combination treatment regimen [103].   

 

 

Figure 1.8 Schematic presentations of the possible effects of antiangiogenesis therapy schedule on 

chemotherapeutic drug uptake into tumor microenvironment. (A) Continuous administration of antiangiogenic 

agent will lead to a functional normalization of tumor vasculature resulting in a transient increase in tumor 

drug uptake. But, continuous treatment with angiogenesis inhibitors ultimately leads to a complete destruction 

of the vasculature and a decrease in tumor blood flow and decreased tumor uptake of co-administered 

cytotoxic drugs. (B) On the other hand, intermittent antiangiogenesis treatment schedules may allow for a 

temporary ‘normalization window’ between each treatment cycle and thereby minimize the blocking out 

effects of angiogenesis inhibitors on the delivery of cytotoxic agents to tumors. The vertical arrows pointing 

upwards under each panel indicate repeated dosing with antiangiogenic drugs and the vertical arrows pointing 

downwards indicate the chemo drug administration. Figure adapted from ref [94].  [94]. 

1.14 Nanomedicine Application in Cancer Therapy 
 

     In order for any tumor targeted drug to be optimally effective, it has to first of all, be able to 

access each of the many proliferating tumor cells. Unfortunately, the tumor vasculature is not 

normal and its heterogeneity does not allow the anticancer drugs to extravasate into the different 

parts of the tumor by simple diffusion and as a result hinders chemotherapeutic efficacy [79]. This 

abnormally dense vasculature imparts an unusual blood flow that increases the tumor interstitial 
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fluid pressure (IFP) which ultimately limits the delivery of macromolecular drugs into the tumor 

microenvironment [104-106]. High packing of tumor cells in addition to the reduced interstitial 

space further retards the delivery of drugs into the tumors [107]. Also, the tumor vasculature is 

characterized by insufficient pericytes and an abnormally leaky perivascular smooth muscle with 

a discontinuous basement membrane [106]. In addition to the leaky blood vessels is the 

dysfunctional lymphatic drainage system in the tumor microenvironment [108].  

Nanomedicine-based drug delivery systems have been making huge progress in addressing 

some of these challenges faced in delivery of therapeutic drugs into the tumor microenvironment 

and tumor cells. The defective vasculature of the tumor microenvironment makes it difficult for 

free drugs to accumulate in the tumor vicinity as they are easily diffused. But nanocarriers take 

advantage of the leaky blood vessels to extravasate into the tumor interstitial spaces and also 

accumulate and release their payloads within the tumor vicinity due to the dysfunctional 

lymphatic drainage system. As a result of targeting and accumulation within the tumor tissues, 

nanocarriers’ concentration in normal tissues is limited. Nanocarriers are also very useful in the 

intravenous administration of otherwise hydrophobic drugs and by so doing, reduce or eliminate 

the toxicity associated with solubilizers needed to constitute these drugs for intravenous 

administration.  They can also increase the stability of the loaded drugs [109].  

Several nanomedicine-based drugs have been approved by the US Food and Drug 

administration (FDA) over the past few decades (Table 1.1). In 1995 FDA approved the first 

nanomedicine-based anticancer drug and since then a good number of other anticancer 

nanomedicines have been introduced into the market or undergoing clinical trials in what appears 

to be a growing and promising field of research to resolve drug delivery difficulties in cancer 

therapy. These nanomedicines are basically liposomes, polymer-drug conjugates, polymeric or 

lipid nanoparticles, dendrimers, and polymeric micelles (Fig 1.9). Chemotherapeutic agents 

loaded or conjugated unto these nanomaterials can be targeted either passively or actively to 

tumor sites and can also be programmed to facilitate a better drug delivery in response to some 

physical or chemical stimuli or based on the anatomy of the target site. Hybrid nanoformulations 

of the established nanomaterials are also being investigated for even more optimum application 

in drug delivery.  
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Table 1.1 Some examples of FDA approved nanomedicine-based products. Adapted from ref [110]. 

Trade Name Active Ingredient Indication Year Approved 
Abelcet Liposomal amphotericin B Invasive fungal infections 1995 
Abraxane Albumin protein-bound 

paclitaxel 
Metastatic breast cancer 2005 

Adagen Pegylated adenosine deaminase 
enzyme 

Severe combined immunodeficiency 
disease 

1990 

Alimta Pemetrexed Nonsquamous NSCLC, malignant pleural 
mesothelioma 

2004 

AmBisome Liposomal amphotericin B Fungal infections, leishmaniasis 1997 
Amphotec Liposomal amphotericin B Invasive aspergillosis 1996 
Cimzia Pegylated Fab´ fragment of a 

humanized anti–TNF-alpha 
antibody 

Crohn’s disease, rheumatoid arthritis 2008 

Copaxone Glatiramer acetate (copolymer 
composed of l-glutamic acid, 
l-alanine, l-lysine, and l-tyrosine) 

Multiple sclerosis 1996 

DaunoXome Liposomal daunorubicin citrate HIV-associated Kaposi’s sarcoma 1996 
Depocyt(e) Liposomal cytosine arabinoside Lymphomatous meningitis 1999 
Doxil Pegylated-stabilized liposomal 

doxorubicin 
AIDS-related Kaposi’s sarcoma, 
refractory 
ovarian cancer, multiple myeloma 

1995 

Eligard Leuprolide acetate and PLGH 
polymer formulation 

Advanced prostate cancer 2002 

Emend Aprepitant nanocrystal particles Chemotherapy-related nausea and 
vomiting 

2003 

Macugen Pegaptanib (PEG-anti-VEGF 
aptamer) 

Wet age–related macular degeneration 2004 

Mircera Methoxy PEG-epoetin beta Symptomatic anemia associated with 
CKD 

2007 

Neulasta Pegfilgrastim Chemotherapy-associated neutropenia 2002 
Oncaspar PEG-asparaginase Acute lymphocytic leukemia 1994 
Ontak Interleukin-2 diphtheria toxin 

fusion 
protein 

Cutaneous T-cell lymphoma 1999 

Pegasys Peginterferon alpha-2a Hepatitis B and C 2002 
PegIntron Peginterferon alfa-2b Hepatitis C 2001 
Renagel Amine-loaded polymer Serum phosphorus control in patients 

with 
CKD on dialysis 

2000 

Somavert Pegylated human growth 
hormone receptor antagonist 

Acromegaly 2003 

Tricor Fenofibrate Hypercholesterolemia, mixed 
dyslipidemia, 
hypertriglyceridemia 

2004 

Visudyne Liposomal verteporfin Wet age-related macular degeneration, 
pathological myopia, ocular 
histoplasmosis 
syndrome 

2000 
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CKD: chronic kidney disease; NSCLC: non small-cell lung cancer; PEG: polyethylene glycol; PLGH: poly (DL-
lactide-co-glycolide); TNF = tumor necrosis factor; 

1.14.1 Nanocarriers Used in Anticancer Drug Delivery   
 

    Materials such as Lipids (liposomes, solid lipid nanoparticles, lipid nanostructures), polymers 

(polymeric nanoparticles, polymeric micelles, dendrimers), and inorganic materials (gold, silica), 

have all been extensively studies and used for formulation of nanocarrier systems [111-117]. These 

different nanocarrier systems have various advantages that necessitate their use in cancer drug 

delivery. Notable among their good qualities are: the ability to encapsulate of poorly soluble 

drugs, long circulating time, increased drug stability, enhanced accumulation at tumor sites as 

well as being “tunable” for optimized release at targets sites and in response to internal or 

external stimuli. The polymer based polymeric nanoparticles and the lipid based liposomes have 

been of most interests for anticancer drug delivery purposes as the number of approved 

nanomedicines indicates (Fig 1.9) [118, 119].  

     Liposomes have been extensively investigated for the drug delivery purposes because of their 

seeming good biocompatibility. They are normally composed of natural or synthetic 

phospholipids, can encapsulate both hydrophobic and hydrophilic drug molecules, accumulate at 

tumor sites but also lack a good structural integrity, leakage during storage and can be easily 

removed from circulation by the RES [120].  On the other hand polymeric nanoparticles have been 

shown to have attractive qualities such as good structural integrity, can be formulated from both 

natural and synthetic biodegradable polymer materials, stable during long storage periods, and 

can release drugs at a controlled rate[108]. But, like the liposomes, they are also easily cleared off 

from circulation by the RES. To address the problem of clearance from the circulation, these 

individual nanocarriers are surface modified with polyethylene glycol to increase their 

circulation time and bioavailability [121, 122]. Furthermore, to maximize the functionality of 

liposomes and polymeric nanoparticles and address their individual limitations, different hybrid 

nanosystems that merge liposomes and polymeric nanoparticles are being developed to improve 

on their individual limitations for optimum drug delivery purposes [28, 123].  
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Figure 1.9 Types of nanocarriers used in anticancer drug delivery. Figure adapted from ref [109].  

 

1.14.2 Hybrid Lipid-Polymeric Nanocarriers as Anticancer Drug Delivery Systems  
 

     The ability to merge and manipulate the properties of liposomes and polymeric nanoparticles 

in order to improve their behavior in physiological conditions is making their use in cancer drug 

delivery very attractive. This is especially important for combinational therapy when more than 

one drug is loaded onto the nanosystem to overcome the drawbacks associated with monotherapy 

(Table 1.2)[124].  Sengupta et al. reported the formulation of a lipid-polymer-core-shell 

nanosystem for a spatiotemporal delivery of two different anticancer agents [125]. In their design, 

doxorubicin was covalently linked with the PLGA core while combretastatin was sandwiched in 

the bilayer of the liposomal envelop. Their nanosystem was characterized by a staggered release 

of both agents due to the different release kinetic of the loaded drugs from different 

compartments.  In another report, Aryal et al synthesized a drug conjugate of the hydrophobic 

paclitaxel and hydrophilic gemcitabine hydrochloride which was encapsulated in a lipid coated 

PLGA nanoparticles by a single-step nanoprecipitation method [126]. Their nanosystem showed an 

enhanced cytotoxicity compared with the free conjugate. Several other reports have 
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demonstrated that with the hybrid lipid-polymeric nanocarriers, efficient drug encapsulation can 

be achieved both in the polymeric core and in the lipid envelope, polymer core can contribute to 

the structural integrity of the lipid envelope and drug release can be controlled by polymer 

degradation and by the presence of the lipid coat. 

Table 1.2: Application of hybrid lipid-polymeric nanoparticles in combinatorial drug delivery. 

Adapted from ref [119]. 

Drug combinations Release kinetics Cells tested In vivo 

study 

    

    

Doxorubicin, 

combretastatin 

Slow over 30 h B16/F10 melanoma, 

Lewis lung carcinoma 

Yes 

Doxorubicin,  pEGFP 

DNA 

DOX - 24% (6 h); 43% (7 days) MDA-MB-231 breast 

cancer 

No 

Docetaxel, Yittrium-90 

or Indium-111 

Docetaxel (7 days); 111In -20% 

(60 h) 

LNCaP and PC3 prostate 

cancer 

No 

Camptothecin, Fe3O4 

nanoparticles 

90% (45 h) MT2 breast cancer No 

Gemcitabine HCl, 

paclitaxel 

n/a XPA3 pancreatic cancer No 

Cisplatin, paclitaxel Cisplatin 55–75% paclitaxel 48–

67% (24 h) 

A2780 ovarian cancer No 

Doxorubicin, 

camptothecin 

n/a MDA-MB-435 breast 

cancer 

No 

n/a: not available 

     Given that the material compositions of the hybrid nanocarrier as well as the method of 

formulation will determine its size, surface charge, encapsulation efficiency, release kinetics, and 

stability, careful selection of materials and formulation technique will be a critical step for a 

successful merger between two well established nanocarrier systems. Generally, the hybrid lipid-

polymeric nanocarriers can be formulated by two methods: a single step or a two step method. 

Fig 1.10 shows some of the different ways that the hybrid lipid-polymeric nanocarriers can be 
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loaded in both the one step and the two step methods. The surface of the hybrid nanosystems can 

also be PEGylated and functionalized for optimum circulation time and targeting in vivo. 

 

 

Figure 1.10 Schematic representations of different methods for drug incorporation for combinatory drug 

delivery in hybrid lipid polymeric nanocarriers. For the one-step method (A) covalent conjugations of the two 

different drugs to polymer and lipid precursors are used to formulate the hybrid nanocarrier. (B) Separate 

covalent conjugations of the two different drugs only to the polymer precursor, prior to the lipid/polymer 

mixing step. For the two-step method (C), one of the drugs is encapsulated inside the core polymeric 

nanoparticles, while the other is embedded into the lipid vesicles. (D) Encapsulation of one of the drugs inside 

the core polymeric nanoparticles, while the second drug is conjugated on the surface post preparation. This is 

applicable to both the one-step and two-step methods. Figure adapted from ref [119]. 
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1.15 Anticancer Nano-Drug Targeting 
 

     The ability to accumulate cytotoxic drug loaded nanomedicines in the tumor 

microenvironment with little toxic effect on normal tissues is one of the hallmark features of 

nanomedicine that drives their further development and application in cancer therapy.  Selective 

accumulation of the nanomedicine within the tumor tissues can be achieved either by a passive 

or active targeting approach. The main features of tumors vasculature such the leaky blood 

vessels and poor lymphatic drainage systems as well as the over-expression of certain receptors 

at tumor site (Fig 1.11) have given aid to researchers to “tune” nanocarriers for maximum 

distribution into the tumor interstitial spaces and cells. 

 

Figure 1.11 Schematic representation of passive and active tumor targeting by nanoparticles. Passive tissue 

targeting is achieved by leaking of nanoparticles through increased permeability of the tumor vasculature and 

accumulating at the tumor site.  Active cellular targeting (inset) can be achieved by functionalizing the surface 

of nanoparticles with ligands that have cell-specific recognition and binding. The nanoparticles can (i) release 



Development and Evaluation of a Lipid-Polymeric Core-Shell Nanosystem for 
Systemic Antiangiogenesis and Tumor Growth Inhibition 

24 
 

their contents in close proximity to the target cells, (ii) attach to receptors on the membrane of the cells and act 

as an extracellular sustained-release drug depot, or (iii) assisted by the receptors to internalize into the cell.  

Figure adapted from ref [108].  

1.15.1 Passive Targeting of Nanocarriers 
 

     The nanoscale size of nanomedicines offers them a unique biodistribution advantage over the 

purely molecular free drugs or the larger microparticles when administered into the blood stream. 

These nanomedicines are preferentially transported and filtered off the blood stream through the 

leaky tumor capillary fenestrations into the tumor microenvironment by a process known as the 

enhanced permeability and retention (EPR) effect [127]. The endothelial pore sizes vary from 10 - 

1000 nm as such nanocarriers in the size range of 20-200 nm can extravasate through these pores 

and accumulate in the tumor microenvironment [128]. In addition to the leaky vasculature, the 

lymphatic vessels are very dysfunctional in tumor and this contributes to an inefficient drainage 

from the tumor site. So the EPR effect is one of the most significant reasons that nanoscale 

carriers have become essential in the development drug delivery systems for cancer and is one 

major factor being considered in designing cancer targeting nanomedicines since all nanocarriers 

use this effect to accumulate in the tumor interstitial spaces. Hence, the majority of the FDA 

approved anticancer nanomedicines such as Myocet, Doxil and DaunoXome are all passively 

targeted towards the tumor [110]. To increase the chances of the nanocarriers getting to the tumor 

site and not filtered off the blood by the reticulo–endothelial system (RES), some surface 

modification had to be done to keep them ‘hidden’. The main surface modification commonly 

used is polyethylene glycol (PEG) which is grafted onto the surface of the nanocarrier 

(PEGylation) (Fig 1.12A). This PEGylation keeps the nanoparticles in circulation for a longer 

time thereby, increasing their chances of accumulation in the tumor microenvironment [129]. 

However, there are some other limitations to the effectiveness of passive targeting to tumor sites 

and this includes: the degree of tumor vascularization and angiogenesis and the high interstitial 

fluid pressure of the solid tumors which together will determine the degree of uptake of the 

nanocarriers into the tumor spaces [130, 131].  

1.15.2 Active Targeting of Nanocarriers 

     In addition to accumulation of nanocarriers in the tumor site by passive EPR effect, active 

targeting of nanomedicines can also enhance their site specific actions. In active targeting of 
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nanomedicines, ligands are engineered onto the surface of the nanocarriers (Fig 1.12B) for 

binding to appropriate receptors that are expressed at the target tumor site. The choice of the 

ligand is based on the specific receptor that is homogeneously over-expressed by the tumor cells 

or tumor vasculature and not expressed by normal cells. This receptor mediated targeting of the 

nanocarriers is gaining much research interest and as more knowledge is gained on specific 

tumor molecular and pathological processes, finer targeting ligands are developed. The 

transferring receptors, folate receptors, Glycoproteins such as lectins and EGFR are among the 

most investigated receptors for internalization. Among these the EGFR is expressed in many 

types of solid tumors including prostate cancer, ovarian cancer, kidney cancer, pancreatic cancer 

as well as in colorectal cancer, non-small cell lung cancer and squamous cell carcinoma of the 

head and neck[132]. Human epidermal receptor-2 (HER-2) is also reported to be over-expressed in 

many patients with breast cancer [133]. Furthermore, the tumor vasculature also expresses some 

receptors that can be targeted to inhibit angiogenesis. These include the VEGFRs, the αvβ3 

integrin, vascular cell adhesion molecule-1 (VCAM-1) and the matrix metalloproteinases 

(MMPs).  The αvβ3 integrin are also upregulated in the tumor cells and this makes them an ideal 

target for anticancer nanomedicines [134]. Abraxane specifically binds to the endothelial 

glycoprotein 60 (gp60) receptors and other albumin binding proteins that are expressed in many 

tumors [135]. This specific binding ability of Abraxane coupled with EPR effect gives it an 

advantage over the conventional paclitaxel with a higher response rate and less intense toxicity. 

However, only few other successes of actively targeted nanomedicines have been seen in 

clinical studies even though there are many reports of the efficacy of active tumor targeting in 

preclinical models. The majority of the approved nanomedicines are passively targeted to the 

tumor sites [109, 136]. Generally, the formulation of ligand-targeted nanocarriers is a very tedious 

process that is difficult to control. The lack of convincing evidences of their efficacy over the 

passively targeted nanomedicines and higher development cost for these specially tailored 

nanomedicines have been the limitation to its progress to the clinic [137-140].  
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Figure 1.12 Schematic representation
for active targeting onto nanocarriers. Figure adapted from 

1.16 Research Aim 
 

     As mentioned above, balancing the effect of 

of cytotoxic agents within the 

optimization of dose scheduling of an antiangiogenic agent with chemotherapy.  Intermittent 

scheduling has been suggested as the preferable approach but this 

the ‘normalized window of opportunity’ to introduce the chemo

     So our main aim is to leverage on the successes recorded in 

in anticancer therapy by using a hybrid nanocarrier system to co

with the cytotoxic agent in different compartments of the nanos

that the accumulation of the dual drug loaded nanocarrier in the tumor microenvironment will 

ensure the cytotoxic drug is already entrapped within the tumor vasculature before the effect of 

antiangiogenesis shuts off the blood

     Specifically, the aims of this project are as follows: formulation and characterization of a 

hybrid core-shell lipid polymeric nanocarrier system, evaluation of

nanocarrier, evaluation of the in v

and finally, evaluation of the antitumor ef

mice tumor xenograft model.  
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. Figure adapted from ref [109]. 

As mentioned above, balancing the effect of inhibition of angiogenesis with the accumulation 

 tumor microenvironment has been a major challenge to the 

of dose scheduling of an antiangiogenic agent with chemotherapy.  Intermittent 

scheduling has been suggested as the preferable approach but this too, needs a precise timing of 

the ‘normalized window of opportunity’ to introduce the chemotherapeutic drug. 

is to leverage on the successes recorded in the application of nanomedicine 

in anticancer therapy by using a hybrid nanocarrier system to co-load the antiangiogenic agent 

with the cytotoxic agent in different compartments of the nanosystem. Our main hypothesis is 

that the accumulation of the dual drug loaded nanocarrier in the tumor microenvironment will 

ensure the cytotoxic drug is already entrapped within the tumor vasculature before the effect of 

antiangiogenesis shuts off the blood supply to the tumor. 

Specifically, the aims of this project are as follows: formulation and characterization of a 

ric nanocarrier system, evaluation of the in vitro cytotoxicity of the 

in vitro and in vivo antiangiogenic properties of the nanosystem 

the antitumor efficacy of the dual drug loaded hybrid 

 

 

surface grafting of ligand 

inhibition of angiogenesis with the accumulation 

tumor microenvironment has been a major challenge to the 

of dose scheduling of an antiangiogenic agent with chemotherapy.  Intermittent 

needs a precise timing of 

drug.  

application of nanomedicine 

load the antiangiogenic agent 

ystem. Our main hypothesis is 

that the accumulation of the dual drug loaded nanocarrier in the tumor microenvironment will 

ensure the cytotoxic drug is already entrapped within the tumor vasculature before the effect of 

Specifically, the aims of this project are as follows: formulation and characterization of a 

cytotoxicity of the 

of the nanosystem 

dual drug loaded hybrid nanosystem in a 



Co-delivery of Itraconazole and Docetaxel by Core/Shell Lipid Nanocells  
for Systemic Antiangiogenesis and Solid Tumor Growth Inhibition   Chapter 2 

27 
 

Chapter 2 

Co-delivery of Itraconazole and Docetaxel by Core/Shell Lipid Nanocells for 

Systemic Antiangiogenesis and Solid Tumor Growth Inhibition 
 

2.1 Introduction 
 

     Cancer is a complex and multifactorial disease that relies on the complexity of the cancer 

genome as well as the dynamic tumor microenvironment for its progression [141-143]. 

Angiogenesis, the excessive proliferation of irregular blood vessels in the tumor 

microenvironment, occurs in a wide spectrum of solid tumor. Specifically, the progression of 

breast cancer is more intensely dependent on angiogenesis than others [45]. Without the abnormal 

tumor vasculature, breast tumor is unlikely to grow larger than about 1-2 mm in diameter [60]. 

This intratumoral vascularization supplies blood and nutrient to sustain the tumor growth as well 

as provide physiologic barriers that impede the effective delivery of chemotherapeutic agents to 

cancer cells and result treatment failure [144]. Hence, a dual-targeted approach against 

angiogenesis and cancer cell proliferation would synergistically enhance therapeutic efficacy and 

success rate [53]. 

     Over the past decades, several antiangiogenic drugs have been approved by the Food and 

Drug Administration (FDA) to be used alone or in combination with chemotherapy for various 

cancers [2]. Notable among these drugs, bevacizumab, as a recombinant humanized monoclonal 

antibody, was a very promising antiangiogenic drug used in clinic for breast cancer treatment [45, 

145]. However, despite the modest improvement in progression-free and overall survival rate, the 

further use of bevacizumab in clinic is being restricted by its adverse side-effects, such as 

increased rates of hypertension, bleeding, febrile neutropenia, thrombocytopenia, hyponatremia, 

rash, and headache [146]. As a result, the FDA withdrew breast cancer as an indication for 

bevacizumab in 2011 [44, 147]. Alternatively, modest clinical benefits of Itraconazole (ITZ) in 

various cancer types including breast cancer have recently been reported in both prospective and 

retrospective clinical trials [64, 148, 149]. Although ITZ was originally developed in the 1980s as a 

CYP450 enzyme lanosterol 14-α demethylase (14DM) inhibiting triazole antifungal drug, it has 
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recently been repositioned as an anticancer drug, because of its antiangiogenesis effect against 

tumor [56, 58, 59, 64]. ITZ is relatively cheaper and has a generally safer history in clinic than 

bevacizumab and other antiangiogenic agents approved for cancer therapy. Moreover, ITZ is also 

an established P-gp efflux pump inhibitor, which is relevant in combination therapy with 

substrates of the P-pg efflux pumps such as docetaxel (DTX) and paclitaxel [150]. 

     Although ITZ as an antiangiogenic agent has shown modest success and increased probability 

of survival in cancer patients, its anti-angiogenesis therapy in combination with chemotherapy is 

still struggling on some issues. For example, the dose and schedule optimization for concomitant 

chemotherapy is a major challenge for effective therapy and reduced adverse effect. ITZ 

antiangiogenesis effect would result in shutting down of blood and oxygen supply to tumor 

microenvironment, which would lead to a decreased concentration of chemotherapeutic drugs 

and increased hypoxia in the tumor microenvironment [151]. As a consequence, the tumor cells 

would develop alternative survival mechanisms resulting in drug resistance to standard 

chemotherapy and eventual metastasis [86, 152-155]. Another challenge to the systemic delivery of 

the antiangiogenic drug ITZ and a chemotherapeutic drug DTX lies on their different 

pharmacokinetics and uncoordinated uptake, which limits the effects of the combination therapy, 

thereby reducing their synergistic anticancer effect [33]. 

     In order to overcome these challenges, we leveraged on some desirable properties of 

polymeric nanoparticles and liposomes to formulate liposome enveloped nanoparticles (lipid 

nanocells, LNCs), which could encapsulate the ITZ in the hydrophobic lipid shell and trap a 

chemotherapeutic drug DTX in the polymeric inner core, as depicted in Scheme 2.1. Our 

proposed solution to the dose-scheduling dilemma is that our nanoformulations which co-load 

DTX and ITZ in two compartment of the hybrid system (denoted as DTX/ITZ-LNCs) could 

release the cargo drugs after entrapment within the tumor microenvironment by the EPR effect. 

The release of the ITZ can then shut down blood supply to the tumor microenvironment without 

compromising the concentration of the DTX accumulation within the cancer cells. In order to 

show this, we evaluated the potency of the lipopolymeric nanoparticles to inhibit tumor growth 

by investigating their antitumor and antiangiogenic activities. Compared to the free drug 

solutions, the DTX/ITZ-LNCs exhibited enhanced antitumor efficacy and angiogenesis 

inhibition by synergistic action of the loaded drugs in mice bearing MCF-7 xenograft tumors in 

vivo. The enhanced synergistic effects in addition to the good safety profile of the 
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2.2 Materials  
 

2.2.1 Chemicals 
 

Poly (D, L-lactide-co-glycolide) (PLGA) (50:50 ester terminated Mw 24000-38000 g mol-1), 

Sigma-Aldrich  

Propylene glycol, Sigma-Aldrich 

hydroxypropyl-β-cyclodextrin, Sigma-Aldrich 

Tween 80 Sigma-Aldrich 

Cholesterol Sigma-Aldrich 

DSPE-PEG Lipoid, Ludwigshafen, Germany 

DTX Melonepharma, Dalian, China 

ITZ Melonepharma, Dalian, China 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) Anatrace, Ohio, USA. 

Lecithin Aoboxing Bio-tech Co. Ltd. 

Corning® Matrigel matrix basement membrane Discovery labware, Inc., Bedford, MA USA 

VEGF-A Sino Biological Inc., Beijing China 

EGM complete medium Lonza, Basel, Switzerland 

Amicon® Ultra-4 Centrifugal Filter units (Merck Millipore, Darmstadt, Germany) 

All other chemicals used during the experiments were of the best quality commercially available 

and used as received. Double distilled deionized water was used for all preparations (Millipore 

18.2 MΩ.cm). 
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2.2.2 Cell Culture 

Human umbilical vein endothelial cells (HUVECs) were cultured in EBM complete media or 

DMEM media supplemented with fetal bovine serum (FBS) and growth factors. All HUVECs 

used in this study were between passages 2 and 6. MCF-7 human breast cancer cells were 

cultured in DMEM supplemented with FBS. 

2.3 Methods 
 

2.3.1 Preparation of DTX-PLGA-NPs Nanoparticles  
 

     In this study, the core DTX loaded PLGA NPs were formulated by a facile nanoprecipitation 

method as described previously but with some modifications [156]. In brief, the weighed amounts 

of DTX and PLGA were dissolved in acetone. The drug-polymer solution was bath sonicated to 

constitute the oil phase. Weighed amount of lecithin was dissolved in ethanol and added to an 

optimized volume of water to form the aqueous phase. The oil phase was injected into the 

stirring aqueous phase at a predetermined rate using a hypodermic syringe and needle. 

Subsequently, the stirring of the precipitated nanoparticles was continued at a constant stirring 

speed, at room temperature for 3 h and then dialyzed against deionized water to remove any 

remaining organic solvents. The nanoparticles suspension was further purified by centrifugation 

at 8000 rpm for 10 minutes using an Amicon® Ultra-4 Centrifugal Filter unit (Merck Millipore, 

Darmstadt, Germany) with a membrane molecular weight cutoff of 30 kDa and then redispersed 

in deionized water to the desired final concentration. A similar procedure was used in 

preparation of the blank PLGA nanoparticles except that DTX was not added into the oil phase. 

 

2.3.2 Preparation of Liposome Enveloped Nanoparticles 
 

     The liposome enveloped nanoparticles were prepared by hydrating a dry lipid mixture 

membrane/film with a dispersion of the DTX-PLGA-NPs in deionized water [157]. In brief, the 

lipid membrane consisting of 1, 2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC), DSPE-

PEG, Cholesterol and ITZ were weighed and dissolved with chloroform in a round-bottomed 

flask. The solvent was then removed by evaporation using a rotary evaporator under reduced 

pressure to leave a homogenous thin lipid/drug film at the bottom of the flask. Then, the 
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optimized amount of DTX-PLGA-NPs dispersion was added to hydrate this film, while the flask 

was swirled at 200 rpm. The hydration process continued for 2 h and was done at a temperature 

of 50 °C which is above the transition temperature, Tm of DPPC (Tm (DPPC) =41 °C). As the lipid 

hydrates, they encapsulated the nanoparticles within their core. The resulting nanoparticles 

encapsulating liposomes were then reduced in size by sonication for 30 minutes using a bath 

sonicator.  

2.3.3 Characterization of DTX-PLGA-NPs and DTX/ITZ-LNCs 
 

     The hydrodynamic particle size distributions of the DTX-PLGA-NPs and DTX/ITZ-LNCs, as 

well as their zeta potential were measured using the Malvern nanozetasizer (Malvern Instruments, 

U.K). In order to measure the particle size distributions, the nanoparticles dispersions were 

diluted appropriately with deionized water and the measurements taken by dynamic light 

scattering (DLS) at a scattering light angle of 90° and temperature of 25 °C. Also the surface 

charge of the particles was measured in deionized water. The morphology of the DTX-PLGA-

NPs and the DTX/ITZ-LNCs were characterized by transmission electron microscopy (TEM). A 

diluted dispersion of the nanoparticles was dropped onto a carbon coated copper grid. The 

dispersion droplet was air-dried and the nanoparticles were imaged by the transmission electron 

microscope (HT7700, Hitachi, Japan) operated at 80 kV. 

2.3.4 Drug Encapsulation Efficiency (EE %) and Drug Loading (DL %) 
 

     Drug encapsulation efficiency (EE %) and drug loading (DL %) of both single and dual drug 

loaded nanoparticles was determined by ultracentrifugation. In brief, freshly prepared DTX/ITZ-

LNCs dispersion was adequately diluted and centrifuged at 8000 rpm in an Amicon® Ultra-4 

Centrifugal Filter unit (Merck Millipore, Darmstadt, Germany) for 10 minutes. Also, equal 

volume of DTX/ITZ-LNCs was dissolved with acetonitrile and centrifuged. The free drug 

contents of the ultrafiltrate and total drug content of the dissolved nanoparticles were quantified 

using a validated R-HPLC method and the DTX and ITZ were detected at 230 nm and 260 nm 

respectively. The encapsulation efficiency was calculated using Equation (2.1) as follows: 

                                   EE (%)= �
������ ����–����� ����

������ ����
� × 100    (2.1) 
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And drug loading was calculated using Equation (2.2) as follows:          

                                           DL (%) = �
������ ����–����� ����

������ �������������
� × 100      (2.2) 

Where MTotal drug was mass of total drug content, MFree drug was mass of free unencapsulated drug 

and MTotal nanoparticles was mass of total polymer and drug added in the system.  

2.3.5 In vitro Drug Release Study 
 

     The in vitro drug release was carried out by the dialysis membrane method. In brief, 1 mL of 

the DTX/ITZ-LNCs dispersion was placed in a dialysis membrane (with a molecular weight cut 

off of 8000-14000 Da) and sealed. The dialysis membrane bag was placed in 40 mL of the 

release medium comprising of phosphate buffered saline at pH values of 7.4 and 0.5% Tween 20, 

incubated at a temperature of 37 °C and at a shaking speed of 100 rpm. At predetermined time 

intervals, 200 µL of the release medium was withdrawn and to maintain sink condition, equal 

volume of the withdrawn release medium was replaced at each time point. The drug content of 

the withdrawn samples was determined using a validated R-HPLC method with the DTX and 

ITZ being detected at 230 nm and 260 nm respectively. 

2.3.6 Particles Stability Study 
 

     In order to evaluate the stability of the core PLGA nanoparticles and DTX/ITZ-LNCs over 

time, the formulations were suspended in water, phosphate buffer saline (pH 7.4) and fetal 

bovine serum (at a final concentration of 1 mg mL-1). The suspensions in water and PBS were 

incubated at 37 °C for a period of 14 days and the particle size were measured at specified time 

points by DLS to check for aggregation of the particles. Nanoformulations stability in fetal 

bovine serum was evaluated using a previously reported method based on measuring the 

absorbance of the particles in serum [158]. In this method the formulations were suspended in fetal 

bovine serum to final concentrations of 50% and 1 mg mL-1 for the serum and particles 

respectively. The suspended particles as well as control blank serum were incubated at 37 °C and 

the absorbance at 560 nm were measured at specified time point over a period of 24 h using a 

multi-mode microplate reader (EnSpire® PerkinElmer). The absorbance of the background blank 

control was subtracted from the test suspensions and recorded as the indicator for change in 

particle size during the incubation period.   
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2.3.7 In vitro Cytotoxicity Assay 
 

     The in vitro cytotoxicity study was carried out with the MCF-7 cells. The harvested and 

quantified MCF-7 cells were used seeded into 96 wells plates (96 well, flat-bottomed, Corning) 

at cell densities of 5×103. After 12 h incubation, the cultures were treated with DTX/ITZ-LNCs, 

DTX-LNCs, blank-LNCs as well as the free DTX solution, free ITZ solution and free DTX/ITZ 

cocktail solution. The cells were treated at DTX equivalent concentrations of 0.04, 0.20, 0.40, 

2.00, 4.00, 20.00, and 40.00 µg mL-1 for a period of 48 h. The viable cells were measured at the 

end of incubation using Methylthiazolyldiphenyl-tetrazolium bromide (MTT) colorimetric assay 

according to the previously reported protocols. Total optical density was measured at 570 nm 

using a multi-mode microplate reader (EnSpire® PerkinElmer) and the percentage viable cells 

were determined relative to the control untreated cells. Each independent experiment was 

repeated three times. 

2.3.8 Tube Formation Assay 
 

     To determine the angiogenic properties of the dual drug loaded DTX/ITZ-LNCs, as well as, 

the control formulations, several in vitro quantitative assays were done. Tube formation assay is 

one of the commonly used in vitro assay method for angiogenesis quantification. So we 

performed this endothelial cells tube formation assay as described previously with some 

modifications [159]. Briefly, 50 μL of appropriately diluted Corning® basement proteins, 

supplemented with VEGF-A (133 µL mL-1) was added to each well of a pre-cooled 96-well plate 

and allowed to solidify for 1 h at 37 °C. Subsequently, HUVEC cells in EGM medium treated 

with the various formulations were seeded onto the surface of the polymerized Matrigel matrix at 

a final density of 1.2×104 cells per well. The cells were incubated at 37 °C and 5% CO2 in a 

tissue-culture incubator for 16 h. At the end of the incubation period, cell growth and the 

resulting tube networks were treated with 2 mg mL-1 Calcein AM for 30 minutes to enable 

visualization using an Olympus BX61 fluorescence microscope. The fluorescent images taken 

were analyzed using the wimasis software to quantify the number of total loops formed by the 

tube networks.  
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2.3.9 Transwell In vitro Migration Assay 
 

     Transwell assay was also used to determine the ability of the DTX/ITZ-LNCs and the other 

formulations to inhibit migration of HUVECs induced by VEGF-A.  DMEM containing 0.5% 

FBS and supplemented with VEGF-A (20 ng mL-1) was added to the lower wells of a 12-well 8 

µm Transwell Migration Assay plate (Corning®). HUVECs were suspended in a protease-free 

DMEM supplemented with 0.5% FBS with or without drug treatment and pipetted into the upper 

chambers of the Transwell inserts at a density of 1.0×105 cells per well. After 4 h of incubation at 

37 °C and 5% CO2 to allow for cell migration, the non-migrated cells remaining in the upper part 

of the membrane were gently wiped off using a cotton swap and the cells on the underside of the 

membrane were stained with 0.5% crystal violet solution (containing 50% ethanol and 5% 

formaldehyde) and then rinsed in PBS. The filter membranes were gently cut off from the inserts 

and placed on microscope slides. To quantify the migrated cells, photomicrographs were taken 

on 4 random fields at 40X magnification and the cells in each field were counted and the values 

were averaged. Three replicates were perfumed for each migration condition. 

2.3.10 Scratch Migration Assay 
 

     The rate of endothelial cells VEGF-A-dependent migration was also measured by the in vitro 

scratch assay as described [160]. HUVECs were plated at a density of 2.5×105 cells per well in 12-

well culture plates. The cells were allowed to attach and form a monolayer following overnight 

incubation at 37 °C and 5% CO2 in a tissue-culture incubator. Then, HUVECs monolayer was 

scratched with a sterile p200-µL pipette tip and the detached cells were washed off with the 

EGM medium. The medium was then replaced with fresh EBM medium supplemented with 

VEGF-A (20 ng mL-1) and the various formulations. Initial images were taken immediately after 

the scratch (0 h) using an inverted microscope (Olympus BX61). A total of three scratches per 

treatment were analyzed. The final images were taken after 24 h incubation at 37 °C and 5% CO2. 

Cell free areas (scratch wound width) were measured using wimasis software and the percentage 

gap closure after the incubation time was calculated using Equation (2.3) below. 

                         ����� ℎ������ ���� =
� ℎ ������� �������� ℎ ������� �����

� ℎ ������� �����
× 100 (2.3) 
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2.3.11 Matrigel Plug In vivo Angiogenesis Assay  
 

     Matrigel plug assay is increasingly becoming a method of choice for in vivo evaluation of 

angiogenesis inhibition. We performed this experiment using a previously reported protocol but 

with some modifications [161]. Briefly, MCF-7 cells (3×106 cells mL-1) were mixed with thawed, 

phenol red free matrigel (BD biosciences) which was supplemented with VEGF (400 ng mL-1) 

and heparin (60 µg mL-1). This cold matrigel (400 μL) was slowly injected subcutaneously into 

the flank of nude mice (n=3 mice per group) and the matrigel polymerized to form a plug after 

injection. After 24 h, the mice were administered with DTX/ITZ-LNCs and other control 

formulations via tail vein. The treatment was repeated consecutively for 9 days after which the 

animals were sacrificed. The matrigel plugs were isolated and photographed before being fixed 

in 4% paraformaldehyde and processed for subsequent Hematoxylin and eosin (H&E) staining 

and Immunohistochemical staining of the endothelial cell marker, CD31.  

2.3.12 In vivo Anticancer Activity 
 

     The animal experiments were conducted in accordance with the guide for the care and use of 

medical laboratory animals (Ministry of Health, China) as approved by the ethics committee of 

Peking University. BALB/c nude mice (female, weighing 18.0 ± 1.0 g) were purchased from 

Beijing Vital River Company Beijing, China and maintained under good hygienic conditions. 

The MCF-7 were grown to about 90% confluence, harvested and suspended in phosphate 

buffered saline (PBS). The cell suspensions (3×106 cells in 0.2 mL) were injected 

subcutaneously into the right flank of the nude mice. Tumors were allowed to grow for 

approximately five days to a volume of 80-150 mm3, as measured with electronic calipers, before 

starting the treatments. The tumor-bearing mice were randomly assigned to six groups (3 mice 

per group). The mice were injected via the tail vein every alternate day after the tumors reached 

the desired size. The administered doses were 2.5 mg kg-1 for the DTX treatments and 10 mg kg-1 

for the ITZ containing treatments for a total of eight administrations. Tumor volume and body 

weight were also measured every other day after the start of treatment. The mice were sacrificed 

on day 23 after start of treatment and the tumors were harvested and photographed. The major 

organs of the mice (heart, lung, liver, kidney and spleen) were also collected and together with 

the tumors were fixed in 4% paraformaldehyde. The fixed tumors and major organs were then 
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embedded in paraffin, cut into 5 µm thick sections and mounted on glass slides for staining with 

the H&E stain according to previously reported methods [162]. The mounted tumor sections were 

deparaffinized and rehydrated before being also evaluated for rate of apoptotic cell by TUNEL 

assay using an apoptosis detection kit according to the manufacturer’s protocol. 

2.3.13 Statistical Analysis  
 

All experiments were performed at least three times unless otherwise stated and expressed as 

means ± SD. Data were analyzed using Graphpad Prism Software version 5.01. Statistical 

significance was determined using p-values and indicated as follows: p ≤0.05 = *, p ≤ 0.01 = **, 

p ≤ 0.001 = ***. 

2.4 Results  
 

2.4.1 Preparation and Characterization of Liposome Enveloped Nanoparticles  
 

     Preliminary experiments to determine the combination ratio of ITZ and DTX for optimum 

cytotoxic combination effect and stable formulation was done by the MTT assay, at the mass 

ratios of ITZ:DTX ranging from 0.25:1 to 5:1 (Fig 2.1). At a ratio of 3:1 and higher, there were 

enhanced activities of the low concentration DTX by the ITZ due to the inhibition of P-

glycoprotein efflux pumps by ITZ in accordance with previous reports [163]. So, a targeted ratio 

of ITZ:DTX of 3:1 was used during the formulation optimization process.  
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Figure 2.1 In vitro cytotoxicity of the combination ratio of ITZ/DTX cocktail on MCF-7 cells after incubation 

for 48 h. ITZ had a synergistic effect on the cytotoxic effect of DTX in an increasing concentration.  

     The scheme 2.2 shows the complete preparation approach for the lipopolymeric nanoparticles 

co-loading DTX and ITZ. The nanocarriers with a core-shell lipopolymeric structure and 

PEGylation on the surface were formulated by a two-step method of nanoprecipitation for the 

core and then thin film hydration method for the liposomal envelope. PLGA, which is a good 

hydrophobic and biodegradable copolymer, was chosen to encapsulate the hydrophobic DTX in 

the core of the DTX/ITZ-LNCs. The DTX loaded PLGA core nanoparticles (DTX-PLGA-NPs) 

were formulated using the optimized 10:4:1 mass ratio of PLGA:lecithin:DTX.  

 

Scheme 2.2 Preparation of DTX/ITZ-LNCs by thin film hydration method 
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     ITZ was sandwiched in-between the lipid bilayer of the liposomal shell of the lipid nanocells 

at a targeted mass ratio of 3:1 for the ITZ:DTX final content. Beyond a ratio of 3:1, cloudy 

aggregates were observed in the formulated lipid nanocells. The final Lipid nanocells were 

formulated with an optimal mass proportion of 20:7.5:2:5:1 (DPPC:Cholesterol:DSPE-

PEG:DTX-PLGA-NPs:ITZ). Thus, at this optimal ratio we successfully formulated a nanocarrier, 

which encapsulated DTX in the hydrophobic core and entrapped the ITZ in the hydrophobic lipid 

shell, respectively.  

 

Figure 2.2 Characterization of DTX-PLGA-NPs and DTX/ITZ-LNCs. Particle size distribution spectra of (A) 

DTX-PLGA-NPs and (B) DTX/ITZ-LNCs as determined by dynamic light scattering. Representative TEM 

images of (C) DTX-PLGA-NPs and (D) DTX/ITZ-LNCs (Insert shows the core-shell configuration of the 

Liposomal envelop on the nanoparticles) 

 

     The dynamic light scattering (DLS) analysis of the nanoparticles sizes and TEM micrographs 

showed that the particles had uniform size distribution (Fig 2.2). The physicochemical properties 

of the nanoparticles are summarized in Table 2.1. The DTX-PLGA-NPs hydrodynamic diameter 

(HDs) was 90.08 ± 22.7 nm, while the DTX/ITZ-LNCs had an average diameter of 137.7±3.84 

nm. The zeta potential for the PLGA core nanoparticles was -28.13±1.8 mV. After the 
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enveloping of the DTX-PLGA-NPs with the liposomes and surface coating with the DSPE-PEG, 

the DTX/ITZ-LNCs had a zeta potential of -6.33±0.59 mV. The slightly negative and closer to 

neutral zeta potential after PEGylation of the DTX/ITZ-LNCs is consistent with the surface 

charge stabilization effect of the neutral PEG and the negative charge from the negatively 

charged fatty acid component of the DSPE-PEG. This shielding effect of PEG enhances the 

stability of the nanocarriers especially, when in an ionic medium and also helps to improve 

circulation time in vivo by shielding recognition by the reticular endothelial system (RES) in the 

liver and spleen [164]. The transmission electron microscope (TEM) micrographs also showed 

uniform and spherical morphology particles with an average size of 50 nm for the DTX-PLGA-

NPs and 110 nm for the DTX/ITZ-LNCs (Fig 2.2 C and D). This slightly smaller particle size 

observed from the TEM analysis is within expectation, because the DLS size reveals the 

hydrodynamic size in aqueous suspension in the presence of PEG. On the other hand, the TEM 

micrographs showed the collapsed particles due to the sample preparation process, thereby 

revealing smaller particles size [165]. The TEM also showed the dense dark PLGA core and less 

dense liposome bilayer forming an enveloping shell. After measuring the amount of drug 

encapsulated by Reverse Phase-HPLC, the encapsulation efficiency for DTX and ITZ in the 

DTX/ITZ-LNCs were determined to be 81.64±14.09% and 76.26± 1.05%, respectively. And the 

final drug loading was 1.36±0.23% for the DTX and 2.54±0.04% for ITZ by the 

drug/polymer/lipid weight of the DTX/ITZ-LNCs.  

 

Table 2.1 Summary of Physicochemical Properties of the Nanocarriers 

Formulations Particle size   

(nm) 

PdI Zeta-potential 

(mV) 

Entrapment Efficiency (%) Drug Loading   (%) 

DTX ITZ DTX ITZ 

DTX-PLGA-NPs 90.08 ± 22.7 0.209±0.031 -28.13±1.8     

DTX/ITZ-LNCs 137.7±3.84 0.294±0.049 
 

-6.33±0.59 81.64±14.09 76.26± 1.05 1.36±0.23 2.54±0.04 

Each data point is mean ± SD (n = 3); PdI indicates polydispersity index. 
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     In vitro release of both DTX and ITZ from the DTX/ITZ-LNCs was shown in Fig 2.3. There 

was a rapid burst release of the ITZ in the first 2 h with about 64% of the drug released. 

Although the DTX also had a burst release, it had a slower release than the ITZ, which was 

encapsulated in the lipid bilayer of the shell. The combination of the two drugs had little or no 

limiting effects on the release of the loaded drugs.  

 

Figure 2.3 Cumulative in vitro releases of DTX and ITZ from DTX/ITZ-LNCs in PBS (pH 7.4) at 37 °C  

 

     To assess the stability of the nanoformulations on storage, we incubated the nanoparticles for 

a period of 14 days with gentle shaking in water and PBS (1X), respectively. The DTX-PLGA-

NPs and DTX/ITZ-LNCs retained their particle sizes after incubation in water over the observed 

period (Fig 2.4A). But when incubated in PBS (1X), the DTX-PLGA-NPs seriously aggregated 

due to the ionic interaction induced destabilization of the surface shielding charges on the 

nanoparticles. In contrast, DTX/ITZ-LNCs with liposomal envelope had little changes in the 

particle size when stored in PBS (1X), indicating that lipid coating and PEGylation of the outer 

surface significantly increased the storage stability of the nanoformulations (Fig 2.4B). In 

addition, we further accessed the stability of DTX-PLGA-NPs and DTX/ITZ-LNCs in serum, 

which is an indication of their aggregation behavior in vivo after systemic administration. This 
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was evaluated by measuring their absorbance when incubated in serum over time. As showed in 

Fig 2.4C, DTX-PLGA-NPs quickly aggregated when incubated in serum, while the liposome 

enveloped DTX/ITZ-LNCs had minimal change in absorbance compared with the blank serum 

control. 

 

Figure 2.4 Stability of DTX-PLGA-NPs and DTX/ITZ-LNCs. Average particle size of the DTX-PLGA-NPs 

and DTX/ITZ-LNCs over 14 days incubation in (A) water and (B) PBS at 37 °C and gentle agitation. (C) 

Change in absorbance intensity at 560 nm of DTX/ITZ-LNCs and DTX-PLGA-NPs in 50% fetal bovine serum 

(FBS) measured over a period of 24 h. Any increase in absorbance in comparison with the blank control serum 

was used to indicate increase in particle size due to aggregation (n = 3; mean ± SD). 
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2.4.2 In vitro Cytotoxicity Assay 

 

     Sensitive strains of MCF-7 cells were employed to investigate the in vitro cytotoxicity of the 

DTX/ITZ-LNCs, DTX alone loaded LNCs (DTX-LNCs), the free drug DTX solution and free 

DTX/ITZ cocktail. The cells were treated at DTX equivalent concentrations of 0.04, 0.20, 0.40, 

2.00, 4.00, 20.00, and 40.00 µg mL-1 for 48 h. The percentage of viable cells after incubation at 

37oC was determined by the colorimetric MTT assay method and shown in Fig 2.5. It was 

observed that the cytotoxicity of the four formulations was incubation time dependent and also 

was more lethal with increasing drug concentration (Fig 2.5A). The blank-LNCs were also 

evaluated for any cytotoxic effects on the cells. No obvious lethal effect of blank-LNCs was 

detected on the MCF-7 cells at the concentrations equivalent to those of the loaded formulations 

incubated for 48 h (Fig 2.5B). Also, ITZ alone showed no cytotoxic effects on the MCF-7 cell 

lines at all concentrations used in this study after incubation for 48 h (Fig 2.5C). However, the 

treatment groups that had a combination of ITZ and DTX either as a free solution or the dual 

loaded nanocarriers had more cytotoxic effects on the MCF-7 cells than when the free DTX 

solution or the DTX only loaded LNCs was used to treat the cells. This could be due to the P-gp 

inhibition effect of ITZ on the P-gp efflux pumps after cellular uptake of the DTX/ITZ-LNCs. 

Inhibition of the P-gp efflux pumps would ensure a high intracellular accumulation of the DTX 

[163]. Furthermore, DTX/ITZ-LNCs exerted better cytotoxic effects on the viability of the MCF-7 

cells than the DTX/ITZ cocktail after 48 h incubation due to the higher cellular uptake and fast 

release from the nanocarriers.  
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Figure 2.5 In vitro cytotoxicity of (A) free DTX, DTX-LNCs, free DTX/ITZ and DTX/ITZ-LNCs, (B) Blank-

LNCs and (C) free ITZ alone on MCF-7 cells after incubation for 48 h. Data represent mean ± SD (n=6). 

 

2.4.3 In vitro Antiangiogenic Effects 
 

     VEGF receptor-2 (VEGFR2) activation in HUVECs by VEGF or other angiogenic 

stimulating factors could lead to cell proliferation and chemotaxis, which ultimately results in 

neovascularization [166]. To evaluate the ability of the DTX/ITZ-LNCs to neutralize the VEGFR2 

stimulating effects of VEGF and inhibit angiogenesis, we evaluated the ability of ITZ to inhibit 

the tube network formation in an ex vivo model of basement membrane with growth factors. The 

growth factor supplemented basement membrane promotes spontaneous formation of a highly 

cross linked network of HUVEC lined tubes [167]. As presented in Fig 2.6A, the untreated and 

blank-LNCs groups had no inhibition of the tube network formation. In fact, the blank-LNCs 
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showed an enhancement effect on the tube network formation, which is beyond our expectation 

and might be due to the cholesterol component of the blank-LNCs. The inhibition effects were 

further quantitatively analyzed using Wimasis software to measure the number of loops formed 

(Fig 2.6B). DTX-LNCs had some inhibition effect on the tube network formation which is not 

significant compared when compared with the untreated group. DTX has been reported to have 

some antiangiogenic effect and also inhibits the proliferation of the HUVECs [168]. Significant 

inhibition of tube formation was observed when the cell seeded membranes were treated with 

free ITZ solution, DTX/ITZ cocktail, and the DTX/ITZ-LNCs in comparison with the control 

group. Although the DTX/ITZ-LNCs had more inhibition effect, there was no significant 

difference between the free solution groups and the DTX/ITZ-LNCs group.  

 

Figure 2.6 Inhibitory effects of DTX/ITZ-LNCs and control treatments on the capillary-like tube formation of 

HUVECs. (A) Representative fluorescent images and (B) graph of total loops in images (analyzed using 

Wimasis software) of VEGF-stimulated HUVEC tube formation on matrigel.  
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     Endothelial cell migration is another important component of angiogenesis besides cell 

proliferation. It is also being regulated by many chemotaxtic stimuli resulting in the activation of 

signaling pathways that mediate cytoskeletal remodeling [62]. We evaluated the effects of 

DTX/ITZ-LNCs and other formulations on the endothelial cell migration by using both the 

Transwell and scratch Migration assays. Both the DTX/ITZ-LNCs and the ITZ free solutions 

showed similar degree of potency in the migration assays. The representative photomicrographs 

of the transwell assay results are showed in Fig 2.7A. Total numbers of migrated cells were 

counted per field view at 40X magnification as showed in Fig 2.7B. Blank-LNCs had no 

inhibition on the migration of HUVECs. There was significant inhibition of the migration of 

HUVECs across the VEGF stimuli gradient by both the DTX/ITZ-LNCs and the free solutions 

(p<0.5) when compared with the untreated group. But as expected, there was no significant 

difference between the three groups. However in the scratch migration assay, DTX/ITZ-LNCs 

showed a more significant effect with a maximum inhibition of the gap closure of about 8% of 

the scratched wound after 24 h incubation (Fig 2.8 A and B). DTX/ITZ cocktail and free ITZ 

treated cells had about 20% and 30% gap closures respectively. The similar inhibition effects 

observed for the solutions and the LNCs in the in vitro migration assay could be due to the 

simple diffusion of the free solutions into the cells to neutralize the VEGF effect in an in vitro 

condition. 
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Figure 2.7 Inhibitory effects of DTX/ITZ-LNCs and control treatments on migration of HUVECs. (A) 

Representative micrographs of crystal violet stained HUVEC cells after migration across Transwell filter 

towards VEGF supplemented medium. The number of migrated cells per field view were counted and 

presented as a graph (B) showing average number of HUVEC cells migrated across the Transwell filter 

towards VEGF Supplemented medium.  
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Figure 2.8 Inhibitory effects of DTX/ITZ-LNCs and control treatments on gap clossure. (A) Representative 

images of scratch migration assay of HUVECs in VEGF supplemented medium depicting the inhibition of gap 

closure by DTX/ITZ-LNCs (B) Graph of percentage gap closure of HUVECs after 24 h incubation. 

2.4.4 In vivo Antiangiogenesis Assay 
 

     After confirming the ability of the DTX/ITZ-LNCs to inhibit angiogenesis in the in vitro 

models, we also proceeded to determine whether the DTX/ITZ-LNCs could replicate its 

inhibition of angiogenesis in an in vivo model. The inhibition ability of DTX/ITZ-LNCs 

following intravenous (i.v.) administration into mice models bearing subcutaneously implanted 

matrigel plugs was used for the in vivo assay [161]. In this matrigel plug assay, the mice were 

treated with DTX/ITZ-LNCs and other formulations daily for 9 days. The ability to successfully 

deliver the dual loaded drug to the tumor microenvironment after systemic administration is a 

desired property for the DTX/ITZ-LNCs. The initial release of the ITZ from the shell 

compartment of the LNCs would neutralize the effects of the VEGF on blood vessels 

proliferation, which could be observed macroscopically by the degree of the redness of the 

isolated matrigel plugs (Fig 2.9A). The Matrigel plugs isolated from the normal saline and blank-

LNCs treated mice showed a more reddish color, indicating the high amount of blood vessels 
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content of the plug. A more pale to white coloration were observed for the matrigel plugs 

isolated from the free ITZ, free DTX/ITZ and DTX/ITZ-LNCs treated mice, which were 

confirmed to have less proliferation of blood vessels in the matrigel plugs after treatment. In 

order to observe this effect microscopically, the thin sections of the matrigel plugs were fixed for 

subsequent H&E staining and immunohistochemical staining of the endothelial cell marker 

CD31. The H&E micrographs of the matrigel plug sections showed high amount of blood vessel 

in the control treatments relative to the fewer blood vessels spotted in the DTX/ITZ-LNCs 

treated mice (Fig 2.9B). Free ITZ and DTX/ITZ cocktail also inhibited the proliferation of blood 

vessels.  

 

Figure 2.9 In vivo inhibition of VEGF-stimulated angiogenesis in Matrigel plugs by DTX/ITZ-LNCs (A) 

Photographs of matrigel plugs after treatment showing the proliferation of blood vessels in the control group as 

compared with the fewer blood vessels in the DTX/ITZ-LNCs treated group as can be observed by the redness 

of the matrigel plugs. (B) Representative images of sections of tumor cells bearing matrigel plugs after H&E. 

Scale bar =100 µm. 

 

     The quantitative assessment of the antiangiogenesis effects was demonstrated by the 

immunohistochemical staining of the CD31 blood vessel markers (Fig 2.10A). Further analysis 

was done on the digital images of the matrigel plug sections after immunohistochemical staining 

of the CD31 at a 40X magnification using Aperio ImageScope software. Compared with the 

normal saline and blank-LNCs treated control groups, there was a significant decrease in 
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angiogenesis in the DTX/ITZ-LNCs treated mice (p<0.5), as showed in Fig 2.10B. This 

indicated that the DTX/ITZ-LNCs inhibited the formation of new blood vessels in vivo in the 

VEGF-induced Matrigel plug vascularization. 

 

Figure 2.10 (A) CD31 immunohistochemical staining of matrigel plug sections showing blood vessels. The 

black arrows point to the blood vessels. (B) Analysis of vascular area revealed by the CD31 

immunohistochemical staining. The vascular area was quantified by Aperio ImageScope software. Scale bar 

=100 µm 

 

2.4.5 In vivo Anticancer Activity 
 

     In order to evaluate whether the intravenous administration of DTX/ITZ-LNCs will inhibit 

tumor growth in vivo, we used a solid tumor xenograft model that was subcutaneously 

established in BALB/c nude mice with MCF-7 cells. Treatments with DTX/ITZ-LNCs, normal 

saline, free ITZ, DTX/ITZ cocktail, blank-LNCs, and DTX-LNCs (n=3 per group) were initiated 

after the tumor became palpable with sizes of 80-150 mm3. The intravenous administrations were 

given every other day at doses of 2.5 mg kg-1 for the DTX treatments and 10 mg kg-1 for the ITZ 

containing treatments for a total of eight administrations. Tumor volume and body weight were 

also measured every other day after the start of treatment and showed in Fig 2.11.  
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Figure 2.11 In vivo antitumor efficacy of MCF-7 tumor xenograft. (A) Representative tumors from the mice 

after the treatment period. (B) Average tumor volume in MCF-7 tumor-bearing mice (C) Percentage change in 

mice body weight after treatment with normal saline, blank-LNCs, free ITZ (10 mg kg-1), DTX-LNCs (2.5 mg 

kg-1 DTX equivalent),  free-DTX/ITZ (2.5 mg kg-1  DTX and 10 mg kg-1 ITZ), and DTX/ITZ-LNCs (2.5 mg 

kg-1   DTX and 10 mg kg-1 ITZ equivalents)  

 

     DTX/ITZ-LNCs treated group had a more remarkable tumor growth inhibition rate of 87.73%, 

compared with the normal saline treated group control. The DTZ/ITZ cocktail and DTX-LNCs 

also showed good tumor inhibition rates of 77.73%, and 65.46%, respectively. On the other hand, 

the free ITZ solution showed a moderate tumor inhibition rate of 24.43%, and the blank-LNCs 

group did not delay tumor growth. The two treatment groups that were administered as 

combination of the DTX and ITZ either as a free solution or cargos in the LNCs showed higher 

inhibition rates compared to the other treatments, which were due to their synergistic effects on 

both the tumor microenvironment and tumor cells leading to starvation of the tumor cells and 

eventual apoptosis.  
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     The histological examination of the tumor sections for apoptosis and necrosis were also 

carried out after H&E staining, as shown in Fig 2.12. From the H&E staining results, the normal 

saline and blank-LNCs groups showed the typical histological features of tumor cells with less 

necrosis, which correlates with the tumor inhibition data in Fig 2.11. In contrast, the DTX/ITZ-

LNCs showed more extensive necrosis and fragmented nucleus with less viable tumor cells 

regions.  

 

Figure 2.12 H&E stained tumor tissue sections showing tumor necrosis after treatment with normal saline, 

blank-LNCs, free ITZ (10 mg kg-1), DTX-LNCs (2.5 mg kg-1DTX equivalent),  free-DTX/ITZ (2.5 mg kg-1  

DTX and 10 mg kg-1 ITZ), and DTX/ITZ-LNCs (2.5 mg kg-1  DTX and 10 mg kg-1 ITZ equivalents). Scale bar 

=100 µm. 

 

     Also a TUNEL assay was carried out on the tumor sections. On observation of the TUNEL 

assay results, the stained apoptotic cells region in the DTX/ITZ-LNCs sections was visibly 

extensive compared to the normal saline and blank-LNCs groups (Fig 2.13). The free DTZ/ITZ 

cocktail also showed a comparable number of apoptotic cells with the DTX/ITZ-LNCs group. It 

correlated very well with the tumor inhibition data in Fig 2.11.  
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Figure 2.13 TUNEL analysis of the tumor tissue sections. Green flourescent labelled cells represent the 

apoptotic TUNEL-positive cells. Scale bar =100 µm. 

 

     The side effects of the formulations on the mice were also evaluated during the treatment 

period by monitoring the mice activity and body weight after treatment duration. Though the 

DTX/ITZ-LNCs and free DTX/ITZ solution presented comparable tumor inhibitions effects at 

the end of the treatment, the free DTX/ITZ induced observable adverse effects, such as 

hypersensitive reactions and tissue necrosis at site of injection after the injection, while the 

DTX/ITZ-LNCs showed better tolerance by the mice. Compared to the DTX/ITZ-LNCs, the 

adverse side effects of DTX/ITZ cocktail should be attributed to the polysorbate 80 that was used 

as a co-solvent in dissolving the free drugs [169]. Also the administration of the free ITZ/DTX 

cocktail resulted in a significant body weight loss by 9.57% of the initial weight, while little 

change in body weight was observed at the end of treatment of DTX/ITZ-LNCs (Fig 2.11C). In 

addition, the histological evaluation of the animal organs was also done after H&E stain of the 

organ sections after the duration of the treatment. As presented in Fig 2.14, there were no 

observable histological signs of toxicity in the H&E stained section of the mice organs harvested 

after treatments with DTX/ITZ-LNCs and other treatment groups. However, vehicle-related 

toxicity was observed in the hemolytic activity assay conducted on rat red blood cells. There 
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were marked hemolysis of the red blood cells in the free ITZ, DTX/ITZ cocktail and solubilizers 

solution treated red blood cells whereas, the DTX/ITZ-LNCs did not cause any hemolysis of the 

red blood cells at the concentrations tested (Fig 2.15). The vehicle-related toxicity observed in 

the free solutions was as a result of the drug solubilizers consisting of hydroxypropyl-β-

cyclodextrin/Propylene glycol/Ethanol/Tween 80 that were used to solubilize the hydrophobic 

drugs in normal saline for the systemic administration and this could have led to the weight loss 

and hypersensitivity observed after injection of the free solutions in the animals treated with the 

free ITZ and DTZ/ITZ cocktail. Hydroxypropyl-β-cyclodextrin has been reported to be toxic 

when given intravenously and can lead to weight loss due to its hypolipidemic effect [170, 171].  

 

Figure 2.14 Representative images of histological sections of mice internal organ from different the treatment 

groups after H&E staining. The major organs showed no sign of toxicity after administration of DTX/ITZ-

LNCs. Scale bar =200 µm. 
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Figure 2.15 Hemolytic activities of (A) DTX/ITZ-LNCs at various concentrations of the nanocarrier, (B) Free 

DTX/ITZ, Free ITZ, and drug solubilizers on rat red blood cells.  Normal saline and water were used as 

negative and positive controls, respectively. No hemolytic activities were observed on the red blood cells after 

incubation at 37 °C with varying concentrations of 2.5 to 160 μg mL-1 of the nanocarrier. 

 

So the use of the DTX/ITZ-LNCs as a nanocarrier to load both DTX and ITZ drug was both 

effective and safe after systemic administration for tumor inhibition. It’s believed that the 

DTX/ITZ-LNCs were accumulated in the tumor microenvironment by the enhanced permeability 

and retention effect before releasing its payloads. The released ITZ will subsequently inhibit the 

VEGF activity in the endothelial cells thereby inhibiting the proliferation of blood vessels, while 

the DTX concurrently act on the cancer cells inhibiting the cell division and proliferation. 

Consequently, the DTX/ITZ-LNCs as a stable and safe formulation can effectively maximize the 

potentials of combining an antiangiogenic and a chemotherapeutic agent in solid tumor cancer 

therapy and overcome the potential risk of hypoxia induced treatment failure. 
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2.5 Discussions 
 

Antiangiogenesis therapy has been a promising therapy strategy to treat solid tumor. But, in 

order for antiangiogenic therapy to be a successful treatment strategy, it was realized that a 

delicate balance needs to be maintained between starving the tumor cells of oxygen supply and 

preventing a resistance associated with hypoxia. Overall survival benefits from this treatment 

strategy can at best be described as only being modest in clinic [1]. It’s also been reported that the 

inhibition of VEGF or any one growth factor alone may help suppress angiogenesis but, 

probably may not be sufficient to completely halt the process of blood vessel proliferation and 

tumor progression. This is as a result of the tumor angiogenic switch in response to 

antiangiogenic treatment such as has been reported in the upregulation of PlGF and FGF-2 after 

VEGF inhibition [84, 172]. Thus, to overcome this drawback to antiangiogenic monotherapy, a 

combination with another therapy agent that has an alternative mode of action has been proposed 

as a solution. However, even when antiangiogenic agents are used in combination with 

chemotherapy, there is still a need to optimize the scheduling for the administration of the 

different therapy agents to achieve maximum benefit [94]. So in this study, we have demonstrated 

that a dual drug loaded, core/shell nanosystem can help resolve the challenge with combination 

of chemotherapy and antiangiogenesis inhibition both in vitro and in vivo.   

We successfully developed a nanosystem that takes advantage of the leaky nature of tumor 

vasculature and the stealth property of the nanosystem to accumulate in the tumor 

microenvironment.  For optimum release of both drugs in the tumor microenvironment, we 

loaded the cytotoxic drug, DTX in the core PLGA nanoparticles of the nanosystem and the 

antiangiogenic drug ITZ was sandwiched in between the lipid bilayer of the liposomal envelop. 

The stability of the nanocarrier in physiological environment is a desired property for successful 

delivery of loaded drugs. Hence, the lipid outer structure on the polymeric core was necessitated 

because of the addition stability it imparted on the PLGA core. This ensured that the nanocarrier 

successfully delivered the loaded cargo to the desired tumor site and avoids aggregation due to 

ionic imbalance in vivo.   

The evaluation results obtained from our in vitro experiments showed that the dual drug 

loaded DTX/ITZ-LNCs caused higher cytotoxic effect against MCF-7 cells as well as a higher 

inhibition of migration and proliferation of HUVEC cells. However as expected, we observed 
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that there were no significant difference in the effects of the ITZ and DTX loaded nanosystem 

over the control free cocktail DTX/ITZ solutions in the in vitro evaluations. Because of the 

ability of ITZ to not only inhibit angiogenesis but, to also inhibit the P-gp pump (which is an 

important efflux pump for DTX and many other cytotoxic drugs), its dual role makes it a near 

ideal choice for a chemo/antiangiogenic therapy system.  

In vivo antiangiogenesis effect of the formulations was further investigated using the matrigel 

plug assay. Our aim in this experiment was to simulate the tumor microenvironment in nude 

mice and evaluate the effect of our formulation when administered in vivo. Scheduling of an 

antiangiogenic agent with a cytotoxic agent to avoid shutting out the chemo agent from the 

tumor microenvironment has been a challenge in clinic for this combination therapy.  Van der 

Veldt et al reported a significant reduction in the perfusion of DTX in non-small cell lung 

cancer patients after administration of bevacizumab [151]. So ferrying both agents into the tumor 

microenvironment would mean that the cytotoxic drug, DTX would be entrapped within the 

tumor microenvironment while the tumor cells are starved of nutrients and oxygen as a result of 

the antiangiogenic action of ITZ. We observed that after 9 days of systemic administration of the 

formulations, there was an inhibition of the proliferation of blood vessels in the ITZ containing 

treatment groups. According to Jain’s proposed hypothesis of “normalization” of the tumor 

vasculature as an important effect of antiangiogenic agents, cytotoxic agents can easily de 

delivered into the tumor microenvironment during this window of normalized blood flow [90]. 

However, continuous administration of the antiangiogenic agent would ultimately shut down the 

tumor vasculature and decrease the perfusion of the tumor microenvironment leading to a 

possibility of relapse due to hypoxia induced resistance. Based on this possible scenario in tumor 

microenvironment after antiangiogenic therapy, the greatest therapeutic benefit would be 

achieved when blood vessels are destroyed after chemotherapeutic agents have been delivered 

into the tumor microenvironment. In this case, the cytotoxic agents would be retained within the 

tumor microenvironment for a prolonged period because there is no longer an efficient vascular 

system for draining out the cytotoxic drugs. The challenge with this is the uncertainty of the time 

for this “normalized window” and the inability to keep this window open without jeopardizing 

the whole therapy strategy. So, from the results of our in vivo matrigel plug assay, we can 

propose that the 9 days treatment period for the inhibition of angiogenesis in VEGF 

supplemented matrigel plugs by the free ITZ, DTX/ITZ cocktail and the DTX/ITZ-LNCs was 
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enough to inhibit the recruitment of new of blood vessels into the plug. But this model is limited 

in the amount of information about what happens in tumor microenvironment at an advanced 

stage.  

A further in vivo evaluation in established tumor xenograft model was done to demonstrate 

the tumor growth inhibition effects of DTX/ITZ-LNCs as well as that of the free DTX/ITZ 

cocktail. We chose a dosing schedule that is continuous for the duration of treatment but with 

interval of 48 h between doses. On day 7 of treatment, all three ITZ containing treatments had an 

inhibition rate of 78.89, 74.17 and 85.38 % for free ITZ, free DTX/ITZ cocktail and DTX/ITZ-

LNCs respectively. But by the end of treatment on day 15 the inhibition rates were 29.98, 72.13 

and 87.41 for free ITZ, free DTX/ITZ cocktail and DTX/ITZ-LNCs respectively. Considering 

that all three ITZ containing treatments successfully inhibited the formation of new blood vessels 

in the matrigel plug assay within the 9 day treatment period, we predict that the normalization 

window was within this time period. In the tumor xenograft model, the free ITZ had an initial 

good inhibition of the tumor growth but at day 15 its inhibition rate had reduced remarkably 

while the DTX/ITZ-LNCs maintained a high inhibition rate.  

Furthermore, there are several side effects that have been associated with the inhibition of 

blood vessels formation. Nanoparticles have been shown to be able to accumulate in the tumor 

microenvironment, thereby limiting the overall toxicity that has been associated with the free 

solutions. Our chosen nanocarrier system showed no toxicity and was able to maintain tumor 

inhibition for the duration of the experiment.   
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Chapter 3 Conclusion 

     My overall aim in this project was to investigate use of nanocarriers as a drug delivery system 

to co-load an antiangiogenic agent and a chemotherapeutic agent and evaluate the potential 

ability of this delivery system to evade anti-angiogenic therapy induced resistance.   

     In brief, our developed core/shell liposome enveloped polymeric nanoparticles enhanced the 

synergistic effects of an antiangiogenic agent and chemotherapy combination therapy. DTX and 

ITZ were successfully loaded into the core and shell of the LNCs respectively.  

     The cytotoxic effect of the DTX was enhanced in vivo by the possible P-gp inhibition effect 

of ITZ. Antiangiogenesis was also tested in vivo using the matrigel plug assay.  The 

antiangiogenic action of the co-loaded ITZ, which neutralized the effect of VEGF, significantly 

reduced neovascularization. 

     The use of the nanocarrier successfully balanced the benefits of an antiangiogenic agent and a 

chemotherapeutic drug, and eliminated the challenges associated with scheduled administration 

of the antiangiogenic and chemotherapeutic drugs separately.  

     Subsequently, antiangiogenesis and tumor inhibition were investigated using an MCF-7 cells 

tumor xenograft model.  We observed that the use of a core-shell dual loaded lipopolymeric 

nanoparticles system for the delivery of ITZ and DTX is safe and enhanced the therapeutic 

efficacy observed in the MCF-7 tumor xenograft animal model while avoiding the drawbacks of 

using the solutions alone.  

     Therefore, evaluations of our designed and formulated core-shell DTX/ITZ-LNCs showed 

that it may have a potentially beneficial application in the clinic for improving treatment 

outcomes for solid malignancies. 
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