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ABSTRACT 

 
Breast cancer is the most commonly diagnosed cancer in women and the second leading 

cause of death among all cancers. Surgical removal of breast tumour tissues is the 

primary treatment for breast cancer. However, this does not rule out relapse at local or 

distant sites, so, chemotherapy is widely used as an adjuvant therapy. Although effective, 

chemotherapy drugs often cause severe side effects due to their non-specificity to cancer 

cells. Nanotechnology for drug delivery is an emerging field focused on targeting drugs 

to the desirable sites, such as tumour tissues, while minimizing the unwanted side effects 

of chemotherapy drugs on other tissues. Discovery of a new type of nanomaterial opens 

more opportunities for drug delivery. The carbon nanotube (CNT) is a novel type of 

synthetic material that has shown great potential for targeted delivery of anti-cancer 

agents. The initial hurdle for biomedical applications of CNT has been its 

hydrophobicity.  Proper surface modification of CNT, or CNT functionalization, so as to 

prepare well-dispersed and biocompatible CNT in biologically compatible solutions, is a 

primary step for its biomedical application. In this thesis, noncovalent functionalization 

of CNT using various polymers is first explored to make well-dispersed CNT. By 

identifying the problems of the existing CNT-based drug delivery systems, three novel 

schemes for CNT-based, targeted drug delivery systems are designed and developed for 

delivery of a potent breast cancer chemotherapy drug paclitaxel (PTX). The three CNT-

PTX delivery systems are characterized and evaluated for their toxicity, drug-loading 

capacity, cell penetration and cancer cell growth inhibition in vitro. Of the three schemes, 

the CNT-drug carrier developed through a lipid-drug approach is the best delivery system 

in terms of drug loading capacity, targeted drug delivery features and potential 

multifunctional drug delivery. Hence, the CNT-lipid-drug delivery system has been 

selected for further evaluation for its in vivo tumour growth inhibition, safety and toxicity 

using a breast cancer xenograft mice model. The CNT-lipid-drug approach has shown 

good results in a breast cancer animal model. Overall, this thesis explores a new type of 

nanomaterial as a drug carrier to overcome major limitations of chemotherapy drugs. As 

a newly discovered nanomaterial, research on CNT as a drug carrier is still in its infancy. 

Each of these schemes offers a new route of drug loading on CNT, which contributes to 

our present knowledge on construction of CNT-based drug delivery systems.  
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RESUME 

 

Le cancer du sein est le cancer le plus communément diagnostiqué chez les femmes et la 

seconde cause de mort de tous les cancers. L’ablation chirurgicale du tissu cancéreux 

constitue à ce jour le premier traitement. Mais, il n’empêche pas les récidives à des sites 

locaux ou distants. De fait, la chimiothérapie est largement utilisée comme traitement 

adjuvant. Bien qu’elle soit efficace, la plupart des chimiothérapies causent des effets 

secondaires importants, dus a leurs non-spécificités aux cellules cancéreuses. Les 

nanotechnologies  ont été testées pour la livraison ciblée de médicaments aux tumeurs. La 

découverte d’un nouveau type de nanomatériel ouvre de nombreuses opportunités pour la 

livraison de médicaments. Les nanotubes de carbone (NTC) constituent un nouveau type 

de matériel synthétique qui a montré un potentiel important pour la livraison ciblée 

d’agents anticancéreux. Malheureusement, le premier obstacle aux applications 

biomédicales des NTC est leur réduite. Cependant, la modification de surface des NTC, 

aussi nommée la fonctionnalisation des NTC, les rend biocompatibles et favorise leur 

dispersion et stabilité dans des solutions biocompatibles. Dans cette thèse, dans un 

premier temps, la fonctionnalisation non-covalente de NTC à partir de polymères est 

explorée pour préparer des NTC solubles dans l’eau et biocompatibles. A partir de 

l’analyse des problèmes et limitations des systèmes de livraison ciblée de médicaments 

composés de NTC déjà existants, trois nouveaux schémas de système de livraison de 

médicaments composés de NTC sont développés pour la livraison d’une medicament 

chimiotherapeutique paclitaxel (PTX) potentielle. Ces trois schémas ont été caractérisés 

et évalués pour leur stabilité, capacité de charge médicamenteuse, de pénétration dans les 

cellules et d’inhibition de la croissance des cellules cancéreuses. Le NTC-PTX développé 

par une approche de système de livraison lipides/médicament a montré d’excellentes 

propriétés pour la délivrance multifonctionnelle de médicaments. Ainsi, le NTC-

lipides/médicament fut sélectionné pour une évaluation approfondie pour sa capacité à 

inhiber in vivo la croissance des tumeurs et pour sa sécurité et toxicité dans un modèle de 

cancer du sein xénogreffe. L’approche de NTC-lipides/médicament a montré des bons 

résultats dans le modèle animal de cancer du sein. De manière générale, cette thèse 

explore un nouveau type de nanomatériel utilisé comme un moyen de chargement de 
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médicaments afin de surmonter les limitations majeures des chimiothérapies 

médicamenteuses. Chacun de ces schémas offre une nouvelle approche de chargement de 

médicaments sur des NTC. Cela contribue au savoir pour la fabrication de système de 

délivrance de médicaments à partir de NTC. 
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PREFACE 
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manuscript-based form. The thesis includes articles already published or in the process of 

review for publication. These manuscripts comprise Chapter 3-6 of the thesis, and are 

written in sections of an abstract, introduction, materials and methods, results and 

discussion, and conclusion. A common abstract, general introduction, literature review, 

general discussion, summary of observations and claimed original contributions, and 

recommendations are included in this thesis in accordance with the guidelines. 
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CHAPTER 1 GENERAL INTRODUCTION, RESEARCH HYPOTHESIS 
AND THESIS OBJECTIVES 

1.1 General introduction  

Breast cancer is the most commonly diagnosed cancer in women and the second leading 

cause of death in all cancers [1, 2]. For treatment of breast cancer, one of the most 

successful approaches is surgical removal of primary breast tumours. But, this does not 

rule out the relapse at local or distant sites because of the presence of micrometastases at 

the time of the diagnosis. Chemotherapy is widely used as adjuvant therapy in women 

with tumours that are >1 cm in size. Widespread use of adjuvant therapy for breast cancer 

has led to an improvement in survival.  

 

Although effective, most chemotherapy drugs cause severe side effects due to their non-

specificity to cancer cells. In addition, most cancer drugs are hydrophobic, the use of 

surfactants for delivery results in additional severe side effects [3, 4]. Nanotechnology 

has been applied to solve the problems of chemotherapy drug delivery [5]. The properties 

of nanoparticles are beneficial in cancer drug delivery. Firstly, the size of nanoparticles is 

preferable for accumulation in tumour tissues.  Secondly, the nanoparticles have a high 

surface area-to-volume ratio, which afford large amounts of payloads, including one type 

or multiple types therapeutics, for potential multifunctional delivery. Thirdly, 

nanoparticles can be designed to contain both hydrophilic and hydrophobic environments 

for loading hydrophobic drugs. Lastly, some nanoparticles are cell permeable that can 

carry drugs into cell cytoplasm to take effects inside of cells. Currently, several 

nanoparticle formulated chemotherapy drugs have been approved for the market or are in 

advance phases of clinical trials. This includes liposomal doxorubicin (DOX), albumin 

nanoparticle encapsulated paclitaxel (PTX) and polymer micelle encapsulated PTX, etc 

[5-7]. These formulations showed reduced side effects. However, they still have 

limitations, e.g. burst drug release in liposomes or polymer micelles encapsulated drugs 

[8]. There is a need for development of new types of chemotherapy drug delivery 

systems.  
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Carbon nanotube (CNT) is a type of synthetic nanomaterial that is made of carbon atoms. 

The discovery of CNT is largely attributed to Sumio Iijima in 1991 [9], although CNT 

has been produced and observed under a variety of conditions prior to 1991 [10]. In the 

last decade, CNT has been investigated for biomedical applications, including targeted 

drug delivery for treatment of cancer, nanoscaffold for tissue engineering and others [11]. 

Among many features of CNT, the high aspect ratio offers CNT with the advantage of 

effectively crossing biological barriers, which would allow its use in the delivery of 

therapeutically active molecules, including drugs, genes and targeting molecules, into one 

cell to exert multi-valence effect [12]. Furthermore, owing to the distinct optical 

properties of CNT, such as, high absorption in the near-infrared (NIR) range, 

photoluminescence, and strong Raman shift [13], CNT is an excellent agent for biology 

detection and imaging. Combined with high surface area of CNT for attaching molecular 

recognition molecules, CNT-based, targeted delivery systems can be developed for 

selective targeting, imaging and treatment.  

 

1.2 Rationale  

Development of a tumour-targeted drug delivery system by applying both passive and active 

targeting strategies would provide solutions for chemotherapy drugs. The unique structural 

and optical properties of CNT allow the development of multifunctional drug delivery. With 

high surface area, the CNT is able to simultaneously carry therapeutic agents and targeting 

molecules for efficient tumour targeting, monitoring and killing.  

 

1.3 Research hypothesis and objectives 

Novel polymer-functionalized, CNT-based drug delivery systems can be designed for 

delivery of chemotherapy agents so as to improve their efficacy, overall safety and 

toxicity profile.  
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Main objective 

To design a novel CNT-based targeted drug delivery system for treatment of breast cancer 

The specific objectives of this thesis are: 

I. To examine functionalization of CNT using appropriate polymers, and to 

characterize the properties of functionalized CNT as a drug carrier, including its 

size, morphology, surface property, stability and the cell internalization capacity, 

etc. 

II. To design new schemes for CNT-based chemotherapy drug delivery systems using 

PTX as a model drug. 

III. To characterize the novel CNT-based PTX delivery systems in vitro  

IV. To investigate the CNT-drug formulation in terms of in vivo drug efficacy, safety 

and toxicity in an experimental breast cancer animal model. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 A brief introduction to breast cancer  

Breast cancer is the most common cancer in women worldwide and the second leading 

cause of death in women [1, 2]. The incidence of breast cancer is roughly 1/8. Despite 

advances in early detection and intervention have increased overall survival, the mortality 

of breast cancer remains high. One major way of defining the types of breast cancer is 

based on the specific receptors that are overexpressed in breast cancer cells. Three types 

of receptors are important in breast cancer: estrogen receptor (ER), progesterone receptor 

(PR) and human epidermal growth factor receptor 2 (HER-2). Tumours that express ER 

or PR are responsive to hormone suppression treatment and have a positive prognostic 

outcome; tumours that overexpress HER-2 oncogene or other growth factor related genes 

usually show poor prognosis; tumours that lack expression of all the above three 

receptors are known as “triple negative” (ER, PR, and HER-2 negative), which have a 

very poor prognosis [14].  

 
2.2 Available treatment modalities for breast cancer and their limitations 

As reproductive hormones play a critical role in initiation and promotion of breast cancer, 

endocrine therapies are important for breast cancer [15, 16]. For ER/PR positive breast 

cancer patients, the use of ER antagonists (e.g. tamoxifen) or the inhibitors of estrogen 

biosynthesis (e.g. aromatase) could significantly enhance response rate [17-19]. 

However, up to 50% breast cancer patients are not responsive to this therapy since they 

lack ER or PR receptors in their breast tumours. There is also a renewed interest in 

ovariectomy and ovarian suppression therapy in the adjuvant treatment of premenopausal 

women with breast cancer [20]. However, this is associated with side effects like 

premature menopause, infertility, vaginal dryness, and osteoporosis, etc [21].  
 
Note: Parts of this chapter have been published in the following journals/books: 
1. Shao W, Paul A, Prakash S (2013) "Carbon nanotubes for cancer and stem cell therapeutics", Chapter 

21 in Selected Topics in Nanomedicine, World Scientific Publishing, ISBN: 978-981-4472-85-2   
2. Shao W, Paul A, Mai Y.Y, Rodes L, and Prakash S (2012) "Carbon nanotubes for use in medicine: 

potentials and limitations" chapter in Recent Progress in Carbon Nanotube Research / Book 1, InTech 
3. Prakash S, Malhotra M, Shao W, Tomaro-Duchesneau C, Abbasi S (2011) "Polymeric nanohybrids 

and functionalized carbon nanotubes as drug delivery carriers for cancer therapy" Adv Drug Deliv 
Rev. 63(14-15): 1340-51. 
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One of the most successful approaches involves surgical removal of primary breast 

tumour. However, tumours could relapse at local or distant sites because of the presence 

of micrometastases at the time of the diagnosis. Chemotherapy is a necessary after-

surgery treatment for breast cancer. Depending on the sub-groups of breast tumours, 

more specific treatments may be applied in combination with chemotherapy. For HER-2 

positive breast cancer, HER-2 antibodies (e.g. Trastuzumab) adjuvant to chemotherapy 

drugs demonstrate improved drug efficacy [22]. However, for triple-negative breast 

cancer (TNBC), which accounts for 10–20% of all breast cancer, no specific therapy is 

available [23, 24], so these patients have to rely on chemotherapy. 

 

2.3 Chemotherapy for breast cancer 

All the chemotherapy drugs are small molecules that act to inhibit cell proliferation by 

interruption of critical cellular functions. In general, chemotherapy drugs are classified by 

the following mechanisms of actions:  1) DNA damage by intercalating the base pairs of 

nucleic acids, 2) DNA damage by adding alkyl groups in DNA, 3) inhibition of DNA 

synthesis by incorporation of analogs of the bases to DNA molecules, 4) interruption of 

mitosis by disturbing the microtubule dynamics (depolymerization and polymerization of 

microtubules) [25]. The actions of the commonly used chemotherapy drugs for breast 

cancer are summarized in table 2.1 and described below.  

 
Table 2.1 Conventional chemotherapy drugs for breast cancer 

Anthracyclines Alkylating agents 
Doxorubicin         (DOX) Cyclophosphamide (CYC) 
Daunorubicin       (DAU) Carboplatin             (CBP) 
Epirubicin            (EPI) Cisplatin                  (CSP) 

 
Anti-metabolites Topoisomerase II inhibitors 
5-Fluorouracil      (5-FU) Mitoxantrone           (MX) 
Methotrexate        (MTX)  
  
Taxane Mitotic inhibitors 
Paclitaxel              (PTX) Vindesine                 (VDS) 
Docetaxel              (DTX) Vinorelbine              (VRL) 
 Vincristine                (VCS) 
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2.3.1 Chemotherapy drugs 

DNA-damage is the major mechanism for cancer chemotherapy since DNA integrity is 

critical for normal cellular functions as well as cell proliferation. High level of DNA 

damage often induces cell cycle arrest. If damaged DNA cannot be repaired, cell death 

may result. Since cancer cells normally undergo rapid replication, they are more 

susceptible to DNA-damaging agents than normal cells. Anthracycline family drugs are 

among the most potent DNA-damage drugs. They act by intercalating DNA, thus 

inducing apoptosis. Clinically applied anthracycline drugs include doxorubicin, 

daunorubicin and epirubicin. Except for DNA damage, anthracycline drugs have also 

been shown to inhibit topoisomerase II (an key enzyme for DNA synthesis) function and 

to generate free radicals, etc [26]. However, anthracycline drugs cause severe 

cardiotoxicity, which become a dose-limiting factor for these drugs.   

 

The alkylating agents damage DNA by adding alkyl groups in DNA. Alkylation of DNA 

prevents DNA strands from uncoiling, which is necessary in DNA replication. Examples 

of alkylating agents include nitrogen mustards and cyclophosphamide. The platinum-

based agents, e.g. carboplatin and cisplatin, act the similar way as the alkylating agents. 

Instead of cross-linking of DNA by adding alkyl groups, the platinum-based drugs 

permanently coordinate to the bases of DNA so as to prevent DNA uncoiling [27]. 

Because of this similarity, the platinum-based drugs are also called alkylating-like drugs 

and usually classified to alkylating subgroups agents.  

 

Antimetabolites are types of chemotherapeutic agents that affect DNA function by 

blocking DNA biosynthesis. Most antimetabolites are analogs of DNA building blocks 

(purine or pyrimidine). The incorporation of these analogs into DNA would lead to 

failure of DNA replication [28]. For example, 5-Fluorouracil is an analog of pyrimidine, 

which is often used in combination with other chemotherapy drugs for the treatment of 

breast cancer. Other antimetabolites, such as methotrexate, act as inhibitors of key 

enzymes responsible for nucleotide biosynthesis [28].  
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Apart from DNA synthesis, another effective target for the treatment of breast tumours is 

microtubule [29]. The process of microtubule assembly is highly dynamic, in that the 

microtubules extend and shorten continually within the cellular milieu. The dynamic 

property of the microtubules is critical for their cellular functions. Especially, the 

accurate chromosome segregation during mitosis requires an exquisite regulation of 

spindle microtubule dynamics, even minor alteration of microtubule dynamics could halt 

mitotic progression, which is probably the primary basis for the use of microtubule-

interfering agents in cancer chemotherapy [30, 31]. Some drugs inhibit polymerization of 

microtubules, e.g. vinca alkaloids; whereas, others affect depolymerization of 

microtubules, e.g. taxane drug family. Taxane drugs bind to the microtubules so as to 

block their disassembly, which leads to cell cycle arrest and apoptosis. Within this drug 

family, paclitaxel (PTX) and docetaxel are among the most important drugs for treatment 

of hormone-refractory breast tumours.  

 

2.3.2 Limitations of available conventional chemotherapies for breast cancer  

Although chemotherapy is one of the most important treatments for breast cancer and 

other cancers, the conventional chemotherapy drugs exist some limitations. First of all, 

chemotherapy drugs are not specific to tumour cells. They affect all the cells that undergo 

rapid multiplying, e.g. bone marrow, hair follicles and GI tract, thus, causing severe side 

effects, such as, neutropenia, anemia, alopecia, diarrheal, nausea and vomiting [32]. In 

addition, most cancer drugs are hydrophobic, so it is necessary to use surfactants for 

delivery, which often cause additional side effects [3, 4]. For example, the clinical PTX 

formulation, Taxol® (formulated with Cremophor EL), could cause hypersensitivity 

reactions in patients [33, 34], which limits its clinical uses. On the other hand, being 

small molecules, chemotherapy drugs are easily removed by renal clearance following 

intravenous drug administration. Because of insufficient blood circulation time, the drug 

molecules are not able to reach biological targets at therapeutic concentration. Taking 

together, the severe side effects and poor biodistribution of the chemotherapy drugs 

severely affect the efficacy of chemotherapy drugs.  

 



 

P a g e  |            
 

8 

Multidrug resistance (MDR) is another major obstacle for the efficacy of chemotherapy. 

One of the mechanisms of MDR is caused by up-regulation of P-glycoprotein (P-gp), an 

efflux molecular “pump” in tumour cell membrane that is responsible for transporting a 

wide variety of drug molecules out of cells [35]. Usually, the P-gp induced by exposure 

to one type of chemotherapy drug could cause the resistance to the treatment with other 

types drugs, thus leading to the failure of chemotherapy.  

 

2.4 Introduction to nanoparticles and their potentials & limitations in cancer drug 

delivery 

Nanoparticles could provide solutions for chemotherapy. With the nanoscopic dimension, 

nanoparticles could directly interact with biology systems at molecular level. It has been 

found that the nanoparticles with optimal size and surface characteristics display longer 

blood circulation, and therefore facilitate their tumour accumulation [5]. Motivated by 

this important finding, the application of nanotechnology in the field of cancer therapies 

becomes a rapidly developed research area [5]. The rationales of using nanoparticles for 

cancer treatment, as well as the types of clinical applied nanoparticles are discussed in 

more detail in the following subsections. 

 

2.4.1 Rationales for use of nanoparticles for delivery of anti-cancer agents 

As fast growing tissues, tumours display enhanced vascular permeability due to high 

demand for nutrients and oxygen. The poorly aligned, defective endothelial layer is one 

of the most important features of tumour vasculature. Such a feature can be utilized for 

delivery of anti-cancer agents. Small molecule drugs do not distinguish normal tissues 

from tumour tissue, as they pass through all type of tissues by free diffusion. In contrast, 

the nanoparticles or some macromolecules, e.g. liposomes, polymer micelles, and 

lipoproteins, etc, cannot pass through endothelial barrier in normal tissues, however, they 

tend to enter the defective tumour tissues (Fig. 2.1). On the other hand, tumour tissues 

lack drainage system, so the clearance of these nanoparticles and macromolecules from 

tumours is impaired, thus resulting their retention in tumour tissues for a long time. The 

phenomenon is termed as tumour-selective Enhanced Permeability and Retention (EPR) 
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effect [36] (Fig. 2.1).  The EPR effect has been observed in large proteins (larger than 50 

kDa), liposomes (50 – 400 nm) and some lipids in a variety of experimental and human 

solid tumours [36]. The EPR effect has been applied as passive tumour-targeting strategy 

(Fig. 2.1) [37]. The targeting efficacy mainly depends on the properties of the 

nanoparticles, such as the size and surface properties of the nanoparticles. Since many 

physiological barriers are present in the route of drug delivery, including renal clearance, 

uptake of foreign particles by macrophages in reticuloendothelial systems (RES), and 

other barriers in tumour tissues, usually, very small particles (with diameters of less than 

10 nm) are rapidly removed by the renal clearance; whereas, large particles (with 

diameters larger than 400 nm) are easily captured by immune cells in reticuloendothelial 

systems (RES) [38]. Even for the particles with the diameters within 400 nm, although 

they can escape from clearance by RES, they may have limited diffusion in the interstitial 

space within the tumour tissues. So, the diameter of spherical nanoparticles in the range 

of 10 -100 nm is thought to be appropriate for accessing cancer cells [5].  

 

Surface properties, such as surface charge and surface hydrophobicity, are also important 

factors that influence blood circulation time of nanoparticles. The fate of nanoparticles is 

determined by interaction of the nanoparticles with their local environment. 

Nanoparticles with more hydrophobic surface easily absorb proteins through hydrophobic 

interactions, which could tag these nanoparticles to be sent to RES system for 

degradation [39]. Coating nanoparticles with hydrophilic polymers is a common strategy 

to minimize the nonspecific interactions with proteins, and therefore improves tumour 

accumulation [40]. One of the most effective coating methods involves PEGylation − a 

technique using polymer polyethylene glycol (PEG) for coating of nanoparticles. 

PEGylation has been shown to increase circulation half-life and to reduce toxicity and 

immunogenicity of nanoparticle drugs [41-44]. PEG is among the few polymers that are 

approved by Food and Drug Administration (FDA) for clinical applications. Many PEG-

modif ed drugs have been approved for drug market [5].  
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Figure 2.1 Schematic presentation of passive tumour targeting via EPR effect and 
active tumour targeting via receptor mediated internalization of nanoparticles [37] 

 

2.4.2 Active tumour-targeting strategy 

Active targeting strategy involves conjugation of tumour-recognizing molecules to 

nanoparticles.  These targeting molecules are usually the ligands for specific surface 

biomarkers (antigens or receptors) on cancer cells. Conjugation of the targeting ligands 

could further enhance targeting efficacy of the nanoparticles towards tumour tissues. In 

some cases, upon binding of these ligands to the receptors, the internalization of these 

ligand-conjugated nanoparticles occur via receptor-mediated endocytosis (Fig. 2.1) [5]. A 

range of cancer-targeting molecules have been discovered, which can be broadly 

classified as antibodies, peptides and others (e.g. vitamins and carbohydrate). Examples 

of the commonly applied targeting molecules for cancer therapy include antibody 

Trastuzumab, peptide RGD, and folic acid, etc. Trastuzumab, which recognizes HER-2 

receptor in breast cancer cells, has therapeutic effect by its own, and also serves as 

tumour recognition moities for drug delivery systems [45]. RGD is a group of peptides 

that contain Arginine-Glycine-Aspartate (RGD) triad, which has strong affinity to the 

alpha (V) beta (3) receptors overexpressed on many types of tumours. RGD has been 

widely applied for targeted delivery of imaging agents and nanoparticle drugs for 

treatment of many types of cancers [46]. Folic acid is a small molecule vitamin that binds 

to folate receptors overexpressed in a variety of cancer cells, including breast, colon, 

renal and lung tumours [47]. Currently, the folic acid conjugated anti-microtubule drug 

desacetylvinblastinemonohydrazide (EC145) has entered phase III of clinical trials [48].  
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2.4.3 Major types of nanoparticles used in breast cancer therapy 

There are two major types of nanoparticles that are applied for cancer therapies [49]: 1) 

nanoparticles assembled by the components made by organic materials, e.g. lipids, 

polymers, and proteins; 2) nanoparticles made of inorganic materials, e.g. quantum dots, 

iron and gold. Currently, several nanoparticle formulations have been approved for the 

treatment of breast cancer. For examples, the liposomal DOX formulations have been 

approved for market for breast cancer since the mid-1990s [6]; the albumin nanoparticle 

encapsulated PTX formulation, Abraxane®, has been approved in 2005 [7].  

 

The above-mentioned two types of nanoparticles are discussed in more detail in the 

following subsections. 

 

2.4.3.1 Organic nanoparticles 

The most studied organic nanoparticles include liposomes, polymeric micelles, and 

polymer-drug conjugates. These nanoparticles are summarized in table 2.2 and discussed 

separately below. 

 

Liposomes are made of amphiphilic phospholipids. Structurally, liposomes are vesicles 

that contain one or more bilayers that are assembled with phospholipids. Their sizes 

range from 50 nanometer to several hundred nanometer in diameter. Because the 

liposomes contain both hydrophilic (interior of liposomes) and hydrophobic (lipid 

bilayers) compartments, they are able to entrap both hydrophilic and hydrophobic drugs. 

Although the liposomal carriers are versatile, they face several challenges, such as, burst 

release of encapsulated drugs before reaching their targets, and non-specific uptake by 

RES, etc. To avoid opsonization (a process of particles that are ingested by immune cells) 

by the RES, and to extend drug circulation time in blood, the liposomal carriers are 

modified by conjugation with PEG, which greatly increased their blood circulation time. 

For example, the circulation half-life of doxorubicin is only 0.8 hr, when the drug 

molecules are encapsulated into PEGylated liposomes (Doxil®), the circulation half-life 

reach 84 hrs, which facilitates uptake of drugs by EPR effect [5]. As a result, the 
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liposomal doxorubicin has shown improved efficacy and much decreased cardiotoxicity 

compared to free DOX. However, liposomal Doxil® may cause side effect of hand-foot 

syndrome, which is caused by extravasation of the drugs to the skin [50]. Currently, the 

targeted liposomal formulations are under development aiming to reduce this side effect 

[51].  

 

Polymeric micelles are assembled by synthetic amphiphilic block polymers. Micelles are 

generated by association of the hydrophobic portions of amphiphilic block polymers due 

to hydrophobic interactions while hydrophilic portions facing towards outside. Since 

polymeric micelles contain hydrophobic cores, they are suitable for encapsulation of 

hydrophobic drugs. Polymeric micelles usually have smaller size (sub-100 nm) compared 

with liposomes, and therefore accumulate more readily in tumours than the liposomes [6]. 

Several polymer micelle formulations are under clinical evaluations, e.g. NK911 

(encasing doxorubicin), NK105 (encasing PTX) and Genexol-PM® (encasing PTX). 

Among them, Genexol-PM® has been approved for market in South Korea [5]. 

 

Polymer-drug conjugates are made by covalently linked drug molecules to polymers. In 

the conjugates, a homing moiety could be attached to the same polymers for targeted 

delivery [52]. Usually, drug molecules are covalently conjugated to polymers via 

cleavable chemical bonds because the release of drugs from the conjugates is necessary 

for their actions. Specific linkers can be designed to allow controlled drug release from 

the polymers. For example, drug PTX was attached to polymer N-(2-Hydroxypropyl) 

methacrylamide (HPMA) via a specific linker that is stable under physiological condition 

(pH 7.4) but can be hydrolyzed at pH ~ 5 (endosomal pH) so as to release the drugs to 

cytosol following endocytosis of polymer-drug conjugates. To date, a dozen polymer-

drug conjugates are under evaluation in clinical trials [53], among them, polyglutamic 

acid (PGA)-conjugated PTX (XYOTAX) has entered clinical trial phase III and is 

expected to be the first polymer-drug conjugate that will be approved for the market [53].   
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Table 2.2 Examples of clinically applied nanoparticles 

Types Structures Drugs Formulation 
trade names 

Ref 

Liposomes 

 

 

Daunorubicin 

Doxorubicin 

 

DaunoXome® 

Doxil® 

[54] 

Polymeric 

micelles 

  

 

 

Doxorubicin 

Paclitaxel 

Paclitaxel 

 

NK911 

NK105 

Genexol® 

[6] 

Polymer-

drug 

conjugates 

 

 

Paclitaxel 

Camptothecin 

Camptothecin 

 

XYOTAX 

CT-2106 

IT-101 

[53] 

 

2.4.3.2 Inorganic nanoparticles 

Inorganic nanoparticles are usually made from metallic materials. These metallic 

materials contain fluorescent, magnetic, or optical properties that can be potentially used 

for detection and imaging. The common structure for inorganic nanoparticles could be 

depicted as a central core made of metals, and a coating layer made of hydrophilic 

molecules/polymers (Fig. 2.2). The hydrophilic outer layer acts to increase the dispersity 

of the inorganic nanoparticles and to protect the core from degradation in a 

physiologically aggressive environment. The outer layers could be modified to attach 

drugs, antibodies and tumour-targeting ligands for multifunctional delivery [55-57] (Fig. 

2.2).  
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Figure 2.2 Schematic presentation of basic structure of inorganic nanoparticles 

 

Quantum dots are semi-conductive fluorescent nano crystals with the sizes ranged from 2 

– 10 nm in diameter. A quantum dot contains a cadmium selenide (CdS) core and a 

polymer out layer (Fig. 2.2). Quantum dots emit powerful fluorescence, which is superior 

to many organic dyes. The quantum dots have been conjugated to HER-2 antibodies for 

simultaneous labeling and quantification of HER-2 expression in breast cancer [49]. 

Although very sensitive, the clinical applications of quantum dots are limited by the toxic 

effects of the heavy metals.  

 

A magnetic iron nanoparticle (usually 3 – 10 nm in diameter) contains a core made of 

iron oxide. Because of the magnetic property, the iron nanoparticles have been widely 

used as contrast enhancement agents to improve sensitivity of magnetic resonance 

imaging (MRI) [58]. Iron nanoparticles also display toxicity, which is mainly due to their 

hydrophobicity, so surface functionalization of iron nanoparticles is important for 

improving their biocompatibility. Surface functionalized magnetic iron nanoparticles do 

not show much toxicity and have been widely explored for in vivo tumour-targeting, 

detection and drug delivery [59].  
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Gold nanoparticles are synthesized by the reduction of Au [III] derivatives, e.g. 

aurochloric acid. Similar to iron nanoparticles, gold nanoparticles can also be applied as 

MRI contrast agents. In addition, gold nanoparticles exhibit unique surface-enhanced 

Raman scattering (SERS) properties [60], which can potentially be used for detection 

using Raman spectroscopy (reviewed in [61]). 

 

Apart from the advantage of metallic nanoparticles in tumour detection and imaging, 

some nanoparticles, e.g. magnetic iron oxide and gold nanoparticles, are able to generate 

heat by absorbing energy through near-infrared (NIR) light excitation. Usually, the small 

sized iron or gold nanoparticles are able to enter cells, by conjugation of tumour-targeting 

moities, these nanoparticles afford specifically targeting tumour tissues followed by 

killing of cancer cells by heating upon NIR exposure [62].  

 

In summary, inorganic nanoparticles possess intrinsic, distinct optical and thermal 

properties, in combination of conjugation of targeting molecules, and/or chemotherapy 

drugs, these nanoparticles afford simultaneous tumour detection, imaging, hyperthermia 

and chemotherapy. Although promising, current available metallic nanoparticle carriers 

have some limitations, such as low payloads, and the toxicity of heavy metals, etc.  

  

2.5 General introduction to carbon nanotube, and its potentials & limitations in 

delivery of anti-cancer agents 

Carbon nanotube (CNT) is a synthetic nanomaterial made of carbon atoms. Structurally, 

CNT can be viewed as a hollow tube wrapped from graphitic sheets. Each of graphic 

sheets is one-atom thick, in which carbon atoms are arranged in an sp2-bonded hexagonal 

pattern similar to polycyclic aromatic rings. Based on the numbers of layers of the 

graphitic sheets, the CNT can be classified into two categories: single-walled carbon 

nanotube (SWNT) and multi-walled carbon nanotube (MWNT) [63]. CNT has a diameter 

of less than one nm to several nm and a length ranged from hundreds to a thousand nm 

(Fig. 2.3). The well-ordered molecular structure brings CNT many remarkable physical 

properties, such as, excellent mechanic strength, high surface area, distinct optical 

properties [64], and excellent electrical and thermal conductivity [65], etc.  
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Figure 2.3 Schematic presentation of typical carbon nanotube structures 
 

The discovery of CNT offers up new opportunities for cancer drug delivery. Inspired by 

an important finding that CNT can penetrate cells by themselves without apparent 

cytotoxic effect to cells [12], CNT is widely explored for in vitro and in vivo delivery of 

therapeutics. The high aspect ratio makes CNT outstanding from spherical nanoparticles 

in that the long and thin nanotube facilites cell internalization without constraint of 

loading large amounts of payloads. Furthermore, owing to the distinct optical properties 

of CNT, such as, high absorption in the near-infrared (NIR) range, photoluminescence, 

and strong Raman shift [13]. Because of these optical properties, CNT is an excellent 

candidate for biology detection and imaging.  

 

2.5.1 Preparation of carbon nanotube for use in medicine and other biomedical 

applications 

Pristine CNT, possessing a metallic nature, cannot be well dispersed in water and most 

solvents. For its use in biomedical applications, the initial hurdle has been its poor 

solubility. Due to the hydrophobic nature, pristine CNT has strong tendency to aggregate 

into large bundles, which is responsible for the toxicity observed in many studies [66-68]. 

Surface modification of CNT, or CNT functionalization, so as to disperse them into 

aqueous solutions becomes a key step for their biomedical applications.  

Two types of strategies are involved in CNT surface modification: non-covalent and 

covalent methods. The non-covalent modification utilizes the hydrophobic nature of CNT 
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for adsorption of amphiphilic molecules, such as surfactants [69], lipid-polymer 

conjugates [70], and some copolymers [71]; while, the covalent modifications generate 

chemical bonds on the backbone of CNT via chemical reactions, which are usually 

followed by further conjugation of hydrophilic molecules/polymers. Both covalent and 

noncovalent modification strategies could remarkably improve the dispersity of CNT in 

aqueous solutions; meanwhile, they provide functional moieties for further linkage of 

therapeutic agents, such as genes (DNA or siRNA), drugs and others. The covalent and 

noncovalent modification of CNT are discussed in more detail below: 

 

2.5.1.1 Covalent surface modification of carbon nanotube  

The covalent modification of CNT is an emerging area in materials science. Among the 

various strategies, the most common ones are: 1) oxidation of CNT followed by 

conjugation of hydrophilic molecules by esterification and amidation, 2) cycloaddition 

reactions to generate of functional groups on CNT sidewalls.  

 

Oxidation of CNT is carried out by reflexing of pristine CNT in strong acidic media, e.g. 

HNO3/H2SO4 (Fig. 2.4a). Under this condition, the caps at both ends of nanotube are 

opened, and carboxylic groups are formed at the ends and at some defect sites on 

nanotube sidewalls [72] (Fig. 2.4a). The carboxylic groups are usually used for further 

derivation of the CNT through esterification or amidation reactions. For example, organic 

molecules containing amine groups can be directly condensed with the carboxylic groups 

on CNT [73, 74]. Alternatively, the carboxyl moieties can be activated with thionyl 

chloride and subsequent react with amine groups-containing molecules [73, 74] (Fig. 

2.4a).  In most cases, the length of nanotubes is often shortened [72], but the electronic 

properties of such functionalized CNT remain intact. One limitation of this method is that 

oxidation reaction only generates limited numbers of carboxylic groups mainly on ends 

and defect spots of CNT, which limits the water dispersibility and stability of the 

oxidized CNT.  
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Figure 2.4 Schematic presentation of covalent modification of carbon nanotube 
a) Oxidization of carbon nanotube followed by further attaching hydrophilic molecules via 
amidation reactions b) 1,3-dipolar cycloaddition reaction  
 

Cycloaddition reaction is a very powerful methodology for covalent modification of 

CNT. Cycloaddition of CNT forms pyrrolidine-fused rings on nanotube surfaces by 

reacting with ylides [75]. In contrast to oxidation of CNT, cycloaddition generates a large 

number of pyrrolidine rings all around of CNT, including sidewalls and the ends of CNT 

(Fig. 2.4b). Thus, the resulting functionalized CNT can be well-dispersed in water [76]. It 

is also worth noting that the method greatly shortens the length of the CNT, which could 

improve its toxicological [77]. In addition, the pyrrolidine rings generated from 

cycloaddition can be substituted with many functional groups, which allows further 

linking therapeutic agents, including DNA, antibiotics and chemotherapy drugs through 

covalent conjugation [78, 79]. However, cycloaddition of CNT disrupts sp2-conjugated 

polybenzene structure of CNT, which affects its electronic and optical performances [80].  

 

2.5.1.2 Non-covalent surface modification of carbon nanotube  

Noncovalent modification of CNT is realized by attaching coating materials via van der 

Waals force, π-stacking or hydrophobic interactions [80]. Compared with covalent 
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modifications, the noncovalent methods do not disturb CNT sp2 hybridization, and 

therefore the optical or electronic properties of CNT are preserved, which are important 

for biomedical applications of CNT in imaging and detection. 

 

Surfactants are very effective for noncovalent functionalization of CNT; however, 

usually high concentration of surfactant is needed, which is very toxic for the cells, so, 

they are not so useful in biological applications. Amphiphilic polymers are also applied 

for noncovalent functionalization of CNT.  There are three types of polymers that have 

been shown effective in CNT dispersion: 1) aliphatic chain-containing polymers e.g. 

phospholipid conjugated polyethylene glycol (PL-PEG) [70, 81, 82]; 2) polyaromatic 

rings-containing amphiphilic block polymers, e.g. polystyrene-polyacrylic acid (PS-b-

PAA) [71, 83-85]; 3) macromolecules that display helical structure, such as DNA and 

some polysaccharides (amylose, chitosan and alginate etc) [86-88] (Fig. 2.5), in which, 

the aliphatic chain wraps CNT through Van de Waal force and other hydrophobic 

interactions; the poly aromatic rings stick tightly to CNT through π-stacking; and the 

helical macromolecules wrap spontaneously around the tubular CNT surface via both 

favorable Van der Waals attraction and hydrophobic interactions, resulting in a compact, 

helical structure stabilized by an interlaced hydrogen-bond network [89, 90].  
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Figure 2.5 Schematic presentation of non-covalent functionalization of carbon 
nanotube with different types of polymers 

 

2.5.2 Carbon nanotube based applications for cancer 

In last decade, CNT has been widely explored for many biomedical applications, 

especially in the field of cancer therapies. Studies have shown that CNT coated with PEG 

generally obtain a prolonged blood circulation, which favours tumour specific targeting 

via EPR effects [91, 92].  The tumour targeting efficiency of CNT can be further 

enhanced by conjugation of tumour targeting molecules [93]. Moreover, the optical 

properties of CNT, such as NIR absorption, photoluminescence, and Raman shift etc., 

can be used for biological detection and imaging. In this section, the biomedical 

applications of CNT in the field of cancer related therapies are highlighted, including 

gene delivery, hyperthermia cancer therapy, tumour detection & imaging, and 

chemotherapy drug delivery (Fig. 2.6). 
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Figure 2.6 Biomedical applications of carbon nanotube 
 

2.5.2.1 Carbon nanotube for imaging and detection of tumours 
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properties, include strong NIR absorption, photoluminescence and Raman shift [94], 
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penetration and high-resolution microscopy imaging of tumour vessels beneath thick skin 

[97, 98]. 

 

SWNT also exhibits specific resonance Raman scattering. The Raman spectrum of CNT 

has high sensitivity and requires only small quantity of samples. Consequently, Raman 

spectroscopy is one of most popular technique for detection and characterization of CNT. 

On the other hand, since Raman spectrum of CNT is distinguishable from 

autofluorescence of the tissue samples, Raman microspectroscopy of SWNT has been 

developed for imaging of tissue samples, live cells and small animal models [60, 99, 

100].  

 

CNT is a good candidate as a photoacoustic contrast agent owing to its strong light 

absorption feature [101]. In combination of targeting strategies, SWNT has been targeted 

delivered to tumour tissues for in vivo photoacoustic imaging. One study showed that 

RGD conjugated SWNT has been successfully delivered to tumour tissues via 

intravenous administration using a xenograft tumour mice model, in which RGD-SWNT 

has shown eight times stronger photoacoustic signal in the tumours than non-targeted 

SWNT [102].  

 

2.5.2.2 Carbon nanotube for thermal destruction of tumours 

Heat-based cancer treatment is an active research area. Tissues are known to be highly 

transparent to 700- to 1,100-nm NIR light, whereas, CNT strongly absorbs in this range, 

which generates significant amount of heat. Previous studies have shown that targeting 

molecules folic acid and antibodies conjugated SWNT effectively kill the cancer cells, 

but not the neighboring healthy cells by hyperthermia [103, 104]. Furthermore, the 

thermal ablation effect of CNT can be further enhanced by combination with 

chemotherapy drugs delivery by CNT [105].   
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2.5.2.3 Carbon nanotube for gene delivery  

Gene therapy is an important treatment for cancer and other genetic diseases. As DNA 

and siRNA are macromolecules that cannot pass through cell membrane by themselves, 

carriers are needed to take them inside of cells to take effects. CNT is an excellent 

candidate for gene delivery since CNT is found to easily penetrate cells [12].  As 

discussed in section 2.5.1.2, DNA or siRNA can be used as CNT surface coating 

molecules to disperse CNT in water solution [90], by which, DNA or siRNA serves both 

CNT-dispersing agent and the cargo (Fig. 2.7a). It has been shown that the siRNA 

functionalized SWNT readily enters cells and exerts its biological activity in cultured 

cells [90]. In vivo studies with intratumoural injection of siRNA functionalized SWNT 

also showed significantly inhibition effect in cancer animal models [106]. Alternative to 

the direct wrapping method, negative charged DNA or siRNA can also be formulated 

with cationic polymer-coated CNT  (Fig. 2.7b). It has also been found that the use of the 

cationic polymers, e.g. polyethylene imine (PEI), could protect encapsulated DNA or 

siRNA from degradation by nucleases [107-110].  

 

In addition to the above-mentioned gene formulating methods, genes can also be 

covalently conjugated to CNT via cleavable chemical bonds [111, 112]. Thiol-modified 

siRNA has been covalently conjugated to polymer PL-PEG functionalized SWNT via 

disulfide bond [112]. The cleavage of disulfide bonds by cellular thiol digesting enzymes 

allows the release of the siRNA for its actions upon cellular internalization. The SWNT-

mediated siRNA delivery showed much better gene transfection efficiency than 

liposome-based delivery system, especially in hard-to-transfect human T cells and 

primary cells lines [111].  
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Figure 2.7 Strategies for DNA or siRNA delivery by carbon nanotube 
a) Binding of genes to cationic CNT by electrostatic association b) Covalent conjugation of genes 
to the CNT-coating polymers via cleavable chemical bonds. 
 

2.5.2.4 Carbon nanotube for chemotherapy drug delivery  
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delivery systems (DDS) have been developed for in vitro and in vivo delivery of 

chemotherapy drugs. For example, chemotherapy drug doxorubicin has been absorbed 
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the CNT-based DDS, the targeted SWNT-DOX have shown more effective inhibition of 
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SWNT-cisplatin has shown to specifically target and kill squamous cancer cells [117]. 

Alternatively, drug molecules can be covalently linked to polymer end of functionalized 

SWNT for delivery. For example, drug PTX was conjugated to PL-PEG functionalized 

SWNT for intravenous administration in murine breast cancer model, and the result 

showed higher tumour growth inhibition and decreased side effects than the free drug 

formulation [118]. The examples of CNT-based targeted delivery systems are listed in 

table 2.3.  

 

Table 2.3 Examples of carbon nanotube based drug delivery systems 

Therapeutics Targeting 
Moieties 

Drug-loading 
Methods  

Ref. 

Carboplatin N/A Filling [119] 
Cisplatin EGF Covalent conj.  [117] 
Daunorubicin Sgc8c aptamer Adsorption [115] 
Docetaxel  NGR Adsorption [105] 
Doxorubicin Folate/Magnetic Adsorption [116] 
Doxorubicin RGD Adsorption [113] 
Doxorubicin Folate Adsorption [114, 120] 
Doxorubicin /hyperthermia NGR Adsorption [105] 
Gemcitabine Magnetic Adsorption [121] 
Methotrexate N/A Covalent conj. [122, 123] 
Paclitaxel N/A Absoption [105, 124] 
Paclitaxel N/A Covalent conj. [118] 
Platinum (IV) Folate Covalent conj. [125] 

 
 

2.5.3 Limitations of existing carbon nanotube based chemotherapy drug delivery 

systems  

CNT contains ultrahigh surface area, which can be theoretically loaded with a large 

amount of payloads. However, CNT is a pre-formed, covalent bonded supramolecular 

structure, challenges exist in attaching payloads to this pre-formed structure. To date, 

several schemes have been developed for CNT-based chemotherapy drug delivery 

utilizing passive and active targeting strategies. They can be categorized into five types of 

common schemes: I) filling drugs to the interior of CNT; II) adsorption of drugs to CNT 
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sidewall; III) covalent conjugation of drugs to the CNT backbone modified by oxidation 

reaction; IV) covalent conjugation of drugs to the CNT backbone modified by 

cycloaddition reaction; V) covalent conjugation of drugs to CNT-dispersing polymers. 

The strength and limitation of these schemes are discussed below and summarized in 

table 2.4. 

 

I) Filling drugs to the interior of CNT 

Because of unique hollow structure, CNT can be used as a nano-sized container to fill 

small molecule drugs [126-129]. Drug filling to the interior of CNT is facilitated by 

capillary driving force [119]. For filling drugs to CNT, MWNT is usually used, since 

MWNT has larger inner diameter than SWNT, which enables a higher filling capacity 

[119]. To fill drugs, the cap ends of the CNT need to be opened with treatment using 

nitric acid [119]. The drug-filling process is simple, however, the drug loading capacity is 

usually low. 

 

II) Adsorption of drugs to CNT sidewall 

Researchers have also found that pre-functionalized CNT still exists a large surface area 

that can be used for direct attachment of small molecule drugs. Because the carbon atoms 

in CNT surface form highly ordered benzene ring structure, the aromatic ring-containing 

drugs can be efficiently loaded on CNT via strong π-stacking force. Using this method, a 

large amount of DOX (~ 400%w/w) have been loaded onto the pre-functionalized SWNT 

for delivery [113, 114]. Binding to and the release of the drug molecules from the 

nanotube could be controlled by changing the pH. An in vivo study using this SWNT-

based DOX formulation has demonstrated a significantly enhanced therapeutic efficacy 

in a murine breast cancer model compared with free drug [113]. By attaching additional 

tumour targeting molecules, e.g. FA or RGD, to the SWNT-drug, the targeted SWNT-

based DOX showed more effective antitumour effects in vitro and in vivo compared with 

non-targeted SWNT-based DOX [105, 114-116]. Other structurally similar anthracycline 

drugs, e.g. epirubicin (EPI), and daunorubicin (DAU), can also be loaded onto CNT in a 

high capacity [105, 115, 124]. Although very effective, this drug-loading method is only 

suitable for the drugs that are flat and contain aromatic ring structure.  
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III) Covalent conjugation of drugs to that CNT backbone modified by oxidation 
reaction 

Oxidized CNT contains carboxyl groups that can be used for drug conjugation. Usually, the 

drugs become inactive when linking to CNT, and the active drugs have to be released to 

exert effects, so the linkages between the drugs and CNT have to be cleavable. The 

common linkers used for drug delivery include ester, peptide, and disulfide bonds. These 

linkers could be cleaved by the enzymes present in the route of delivery. Previously, drug 

cisplatin has been conjugated to the oxidized SWNT via a peptide linker. With further 

conjugation of epidermal growth factor (EGF) to the SWNT-cisplatin conjugates, the 

targeted SWNT-cisplatin showed more efficient tumour inhibition than both free cisplatin 

and non-targeted SWNT-cisplatin [117]. However, oxidation reaction of CNT only 

generates a small number of carboxyl groups on CNT, which provides limited drug-

loading capacity on CNT. 

 

IV) Covalent conjugation of drugs to the CNT backbone modified by cycloaddition 

reaction 

Cycloaddition reaction is a powerful tool that generates substantial amounts of functional 

groups on sidewall and ends of CNT [75], which affords much higher level of drug 

loading than oxidized CNT. Many types of therapeutics, including peptides, proteins, 

genes and drugs, have been examined by conjugation to functionalized CNT made by 

cycloaddition (denoted as f-CNT) for delivery [78]. For example, drug methotrexate, due 

to limited cellular permeability [130], was linked to f-CNT for intracellular drug delivery 

[122]. Owing to considerable amounts of functional groups that can be generated on f-

CNT, both drug MTX and fluorescent dyes were conjugated to the same f-CNT for 

delivery, which allowed tracking intracellular localization of the CNT-drug [122]. One 

limitation of this method is that cycloaddition reaction disrupts sp2-conjugated molecular 

structure of CNT, thus affects its optical properties [80], and therefore, is not useful for 

combined imaging and drug treatment applications.  
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V) Covalent conjugation of drugs to CNT-dispersing polymers 

Alternative to direct drug-CNT conjugation, the drug molecules can also be linked to 

CNT-dispersing polymers for delivery. For example, PTX was conjugated to PL-PEG 

functionalized SWNT via reversible ester bond [118]. By this drug-loading method, the 

amounts of drugs loaded on CNT depend on the amounts of polymers that can be 

attached to CNT. In the case of PL-PEG functionalized CNT, only ~3 PL-PEG could be 

attached to each 10 nm of SWNT [113], so a large part of nanotube surface cannot be 

efficiently utilized. On the other hand, when drugs occupy the CNT-dispersing polymers, 

there is no space for linking targeting molecules, or other functionalities [118], thus 

targeted or multifunctional delivery is not possible.  

 

Building upon the current literature on CNT-based drug delivery applications, we found 

that all current available CNT-based drug delivery systems have limitations. It is in part 

of the thesis to develop new schemes for construction of a more effective CNT-based 

drug delivery system for treatment of breast cancer. 
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Table 2.4 Current available schemes for CNT-based drug delivery systems 
 

Drug loading schemes Strengths Limitations Ref 
Filling 
 

 

• convenient formulation 
• preserved intrinsic CNT 

electrical and optical 
properties 

 

• low drug-loading 
capacity 

• limited to water-
soluble drugs  

[119] 

Adsorption 

 

• convenient formulation 
• high loading capacity 
• preserved intrinsic CNT 

electrical and optical 
properties 

• both CNT surface and its 
dispersing polymer can 
be used for different 
functionalities, e.g. drugs, 
targeting molecules, etc. 

• only effective for 
molecules that are 
flat and contain 
aromatic rings 
structure 

[113] 

Covalent conjugation to CNT 
modified by oxidization 
reactions 
 

 

• suitable for all types of 
drugs that contain 
reactive functional groups 

• low drug-loading 
capacity due to low 
level of    -COOH 
groups formed on 
CNT surface 

[117] 

Covalent conjugation to CNT 
modified by cycloaddition 
reaction  

 

• suitable for all type of 
drugs that contain 
reactive functional groups 

• high drug-loading 
capacity due to high level 
of functional groups 
generated on CNT 

• disruption of 
electrical and optical 
properties of CNT by 
cycloaddition 
reaction 
 

[122] 

Covalent conjugation to CNT-
dispersing polymers 

 

• suitable for all type of 
drugs that contain 
reactive functional groups 

• preserved intrinsic CNT 
electrical and optical 
properties 

• in the cases of low 
level of polymer-
coating on CNT 
− low drug-loading 

capacity 
− not space for 

linking targeting 
molecules or other 
functionalities 

 
 

 

[118] 
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2.5.4 Potentials and limitations of carbon nanotube 

The unique structural and optical properties offer CNT many advantages over other 

nanoparticles in terms of drug delivery applications: 1) both the interior and the surface 

of CNT can be employed to load therapeutics; 2) with all atoms exposed on the surface, 

the CNT affords large surface area for drug-loading; 3) the unique long and thin structure 

of CNT facilitates cell internalization, thus the intracellular delivery of therapeutics; 4) 

with the intrinsic optical properties, e.g. NIR absorption, Ramen shift, fluorescence, etc, 

CNT has potential for simultaneous tumour detection and drug delivery, as well as 

hyperthermia cancer therapy; 5) comparing with other metallic nanoparticles that also 

display intrinsic optical properties, CNT, being made of all carbon atoms, which is the 

chemical basis of all lives, in essence is non-toxic.  

 

On the other hand, the toxicity of CNT has received much attention [67, 77, 131-133], 

although CNT, being made of all carbon atoms, is expected to be biocompatible. The 

concerns of CNT toxicology are due to its small size since, being the nano-sized material, 

the toxicological effects differ from those of the same composition but with larger 

particle sizes [133, 134]. Actually, toxicity evaluation faces many challenges for 

nanoparticles. This is because, under physiological condition, nanoparticles interact with 

biological entities, such as plasma proteins and electrolytes. Very often, these 

nanoparticles form aggregates due to hydrophobic interactions and electrostatic 

attractions, consequently resulting changes in size, surface area, and surface charge, etc, 

which cause differences in their toxicological behaviours.  

 

In addition, due to the fibre-like structure of CNT, its toxicity might be associated with 

asbestos and other pathogenic fibres [135-140]. One important study reported that 

administration of long (>10 μm) and rigid pristine nanotubes via intraperitoneal injection 

led to mesothelioma (a cancer of the membranous lining that covers the outer surface of 

the chest and abdominal cavities) in mice, which resembled the length-dependent, 

pathogenic behaviour of asbestos [135].  This result has brought a hot debate on overall 

toxicological profile of the coated and uncoated nanotubes, as well as the effects of the 

CNT lengths to its toxicity [77]. Indeed, many studies on CNT toxicities published so far 
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are controversial and barely comparable due to multiple factors, including dispersion 

status, size and length of nanotubes, metal impurities, surface functionalization methods, 

and treatment dosages etc. With present knowledge, we do not have a comprehensive 

view of toxicological effect of CNT, however, there is an agreement that well dispersed 

CNT showed decreased or no toxicity in vitro and in vivo (reviewed in[67, 132, 141]). 

 

Among the studies examining the well-dispersed CNT, two types of functionalized CNT, 

the PL-PEG coated SWNT (SWNT-PL-PEG) [93] and covalently functionalized CNT via 

cycloaddition reactions (f-CNT) [142], are carefully evaluated in terms of their tissue 

distribution, accumulation and excretion. It is evident for SWNT-PL-PEG that 1) it did 

not lead to acute or chronic toxicity in treated mice when administrated in high doses via 

intravenous injection; 2) it persisted within liver and spleen macrophages for 4 months in 

mice without apparent toxicity [143]; 3) it was excreted slowly from mice via the biliary 

and renal pathways [93]. The f-CNT is also shown not toxic both in vitro and in vivo 

[142], however, distinct from the SWNT-PL-PEG, the f-CNT showed predominant renal 

excretion following intravenously administration [142]. It has been suggested that urinary 

excretion and low tissue accumulation might be due to shortened and better-dispersed 

nanotubes due to cycloaddition reactions [77]. These data also suggested that the types of 

CNT surface modifications are important in dictating tissue accumulation and excretion.  

 

In summary, CNT has great potential in drug delivery in many diseases including breast 

cancer. However, research on CNT as a drug carrier is still in its infancy. The purpose of 

this thesis is to develop CNT-based delivery systems vis-à-vis their design, suitability and 

effectiveness for breast cancer treatment using in vitro and in vivo experimental models. 
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PREFACE TO CHAPTERS 3-6 

The initial hurdle of biomedical applications of CNT has been its poor solubility. To test 

the research hypothesis of construction of an SWNT-based drug carrier, I firstly 

examined noncovalent functionalization of SWNT so as to disperse and stabilize SWNT 

in aqueous solutions. Chapter 3 describes noncovalent functionalization of SWNT using 

three different types of polymers: a lipid-conjugated polymer, an amphiphilic block 

polymer, and a polysaccharide. The three types of polymers attach to SWNT through 

different types of SWNT-polymer interactions. Although, these polymer-functionalized 

CNT were examined separately by different groups previously, it is the first time that, 

noncovalent functionalization of SWNT using these polymers were compared under same 

experimental conditions in terms of the SWNT dispersibility, stability, cytotoxicity, and 

the cell internalization. 

 

Based on the result obtained in Chapter 3, I proposed three new schemes (denoted as 

SWNT-lipid-PTX, SWNT-HSA-PTX and SWNT-polymer-PTX respectively) for 

SWNT-based drug delivery systems using chemotherapy drug PTX as a model drug. The 

three SWNT-based PTX delivery systems were characterized and evaluated in vitro using 

cancer cell lines and other in vitro procedures. Among them, the SWNT-lipid-drug was 

chosen for further evaluation in an experimental animal model due to high drug-loading 

capacity and its potential for targeted/multifunctional drug delivery. Each of these 

schemes offers a new route of drug loading on CNT, which contributes to our present 

knowledge on construction of CNT-based drug delivery systems. The three SWNT-PTX 

schemes are presented respectively in chapter 4-6.      

 

Chapter 4 describes a new scheme of SWNT based PTX drug delivery system using 

human serum albumin (HSA) nanoparticle conjugated SWNT (denoted as SWNT-HSA-

PTX). The HSA is chosen due to its high binding affinity to PTX. In this study, cross-

linked HSA nanoparticles were covalently conjugated to SWNT for PTX loading. The 

design strategy, preparation, characterization, and in vitro antitumour efficacy of SWNT-

HSA-PTX were presented.  
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In Chapter 5, polymer-drug approach was applied to construct an SWNT-based drug 

delivery for PTX. In this study, PTX was firstly grafted to a polyacid-containing polymer 

and then used for SWNT coating. The chemical synthesis of the polymer-PTX, as well as 

the characterization and in vitro evaluation of SWNT-polymer-PTX were presented. 

 

Chapter 6 introduces a novel drug-loading method on SWNT using lipid-drug approach. 

A proof-of-concept study was performed in breast cancer animal model using SWNT-

lipid-PTX. The design strategies and advantages of the lipid-drug approach for 

construction of SWNT-based drug delivery system was firstly described and the 

construction, characterization and in vitro evaluation of SWNT-lipid-PTX were 

presented. Finally, the in vivo tumour growth inhibition, safety and toxicity of the 

SWNT-lipid-PTX were further evaluated in a breast cancer xenograft mice model.  
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Preface: The initial hurdle of biomedical applications of CNT has been its toxicity and 

poor solubility due to its hydrophobic nature.  Proper surface modification of CNT, or 

CNT functionalization, so as to prepare well-dispersed CNT in biologically compatible 

solutions is a primary step for biomedical applications of CNT. The goal of this study is 

to examine noncovalent functionalization of SWNT with three different types of 

polymers: a lipid-conjugated polymer, an amphiphilic block polymer, and a 

polysaccharide. The three types of polymers could attach to SWNT through different 

types SWNT-polymer interactions. The obtained SWNT-polymers were examined and 

compared in terms of their SWNT dispersibility, surface properties, stability, 

cytotoxicity, and their cellular internalization. 
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3.1 Abstract 

Single-walled carbon nanotube (SWNT) is a novel type of nanomaterials that has many 

features suitable for drug delivery applications. However, SWNT is not soluble in 

aqueous solutions, surface functionalization of SWNT so as to disperse it into aqueous 

solution becomes a primary step for its use in biomedical applications. In this study, for 

the first time, we compared the dispersibility, stability and other drug-delivery related 

properties of noncovalently functionalized SWNT using three polymers: a lipid-polymer 

phospholipid-polyethylene glycol (PL-PEG), a polybenzene ring containing polymer 

polystyrene-block-polyacrylic acid (PS-b-PAA) and a polysaccharide chitosan (CHI). We 

showed that the dispersity and stability of the SWNT functionalized by these polymers 

were much different. Transmission electronic microscopy (TEM) study revealed distinct 

morphology and much thicker polymer layer on SWNT-PS-b-PAA compared with other 

two SWNT-polymers. The higher level of polymer-coating ratio in SWNT-PS-b-PAA 

was confirmed by Thermogravimetric analysis (TGA) study, suggesting that PS-b-PAA 

could be attached to SWNT more densely than other two types polymers. The in vitro 

study showed that all three types of polymer coated SWNT cause little or no toxicity to 

the cells. All three types of polymer coated SWNT have shown to enter cancer cells as 

examined using FITC-labeled SWNT-polymers. The current study bridges SWNT with 

biological systems and establishes a foundation for the use of SWNT in drug delivery and 

other biomedical applications.   
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3.2 Introduction 

Carbon nanotube (CNT) is a synthetic material made from all carbon atoms. Structurally, 

CNT can be viewed as a hollow tube rolled from layers of graphene sheets. Depending on 

the number of graphene layers, CNT is classified as single-walled carbon nanotube 

(SWNT) or multi-walled carbon nanotube (MWNT). CNT has attracted much attention 

since it was discovered in 1991 owing to its novel needle-like structure and remarkable 

physical properties, such as, ultrahigh surface area, distinct optical properties [64], and 

excellent electrical conductivity [65]. However, raw CNT is highly insoluble, and forms 

large bundles in aqueous solution due to strong inter-tube Van der Waals interaction. The 

initial hurdle of biomedical applications of CNT has been its poor solubility, particularly 

in biologically compatible buffers and conditions.  In addition, toxicity studies have 

shown that raw CNT is toxic to mammalian cells and treated animals [68, 133, 135] due 

to its hydrophobicity. In contrast, the well-dispersed CNT does not cause apparent 

toxicity in vitro and in vivo [93, 131, 142, 144]. Thus, proper surface modification of 

CNT, or CNT functionalization, so as to prepare well-dispersed, biocompatible CNT is a 

critical step for biomedical applications of CNT [145]. The CNT surface modification 

methods are involved in covalent and non-covalent strategies. Covalent methods generate 

chemical bonds on the backbone of CNT, while noncovalent modification of CNT 

attaches water-soluble molecules on CNT surface by physical interactions.  Both methods 

are effective for dispersion of CNT in aqueous solution. However, covalent modification 

disturbs sp2 hybridization structure of CNT, thus, the optical or electronic properties of 

CNT could be destroyed [146]. In contrast, the noncovalent modification of CNT 

preserves the physical properties of CNT, which is important for biomedical applications 

of CNT in imaging and detection [11].  

 

Raw CNT often forms tangled, rope-like structure due to high inter-tube Van der Waals 

binding energy. The Van der Waals force between the nanotubes is so great that high 

energy is needed to pry them apart. Ultrasonication is a commonly applied method for 

noncovalent functionalization of CNT, which provides sufficient energy to separate the 

aggregates. By mixing CNT with certain amphiphilic molecules with sonication, the CNT 

in solution would reconfigure to a new equilibrium state of lower energy by adsorption of 
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these interfacial molecules via hydrophobic interactions. Previously, many polymers have 

been examined for noncovalent functionalization of CNT. Typically, CNT-coating 

polymers can be categorized into three major types: 1) long chain lipid conjugated 

polymers e.g. phospholipid polyethylene glycol (PL-PEG) [70, 81, 82]; 2) polyaromatic 

chain-containing amphiphilic block polymers, e.g. polystyrene-block-polyacrylic acid 

(PS-b-PAA) [71, 83-85]; 3) polysaccharides, e.g. chitosan (CHI) [86-88] (Fig. 3.1). The 

lipid chains in the lipid-polymers could wrap to CNT through Van der Waals force and 

other hydrophobic associations; the poly aromatic chains could stick tightly to CNT 

through π-stacking; and the polysaccharides wrap spontaneously around the tubular CNT 

surface via favorable Van der Waals attraction, resulting in a compact, helical structure 

stabilized by an interlaced hydrogen-bond network [89]. Coating of these polymers on 

CNT remarkably improves dispersibility of CNT in aqueous solutions.  

 

The goal of this study was to examine noncovalent functionalization of SWNT using the 

above-mentioned three types of polymers, and to investigate their dispersibility, surface 

properties, stability, cytotoxicity, and their cellular internalization for potential drug 

delivery and other biomedical applications. 

 

3.3 Materials and methods 

3.3.1 Reagents 

All the reagents used in the experiments were purchase from Sigma Aldrich, Canada 

except otherwise indicated specifically. 

3.3.2 Preparation of polymer-functionalized SWNT 

SWNT-PL-PEG-NH2: The SWNT functionalization procedure using PL-PEG-NH2 

followed the method reported by Liu, et al [81]. Briefly, PL-PEG-NH2 (Avanti Polar 

Lipids, Inc. US) was dissolved in deionized (DI) water at a concentration of 0.5 mg/mL, 

Then 1 mg of SWNT (HiPco, Unidym Inc, USA) was added to 10 mL of PL-PEG-NH2 

solution, and sonicated continually for 1 hr in a tip sonicator (MicrosonTM,  XL2000, 
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100W, USA). During sonication, the sample was cooled in a water bath filled with ice-

cold water to avoid overheating.  

SWNT-PS-b-PAA: The functionalization of SWNT with PS-b-PAA followed the method 

developed by Kang et al [71] with minor modification. Briefly, PS-b-PAA (MW1.8k-b-

6.0k Polymer Source, Montreal) was firstly dissolved in organic solvent DMF at a 

concentration of 4 mg/mL. 1 mg of SWNT was added in 10 mL of PS-b-PAA solution 

with brief sonication in a probe sonicator followed by adding 10 times DI water with 

continuous sonication for 1 hr with cooling with ice-cold water.  

SWNT-CHI: The SWNT-CHI was prepared according to the previously developed 

procedure[86] with minor modification.  Water-soluble CHI (Mesh 80, Jinan Haidebei 

Marine Bioengineering Co, China) was dissolved in DI water at a concentration of 2 

mg/mL. Then SWNT (1 mg) was added to 10 mL of CHI solution and sonicated for 1 hr 

with cooling with ice-cold water.  

 

After sonication, the preparation was centrifuged at 20k rpm (50Ti, Beckman Coulter, 

USA), and the well-dispersed SWNT-polymers were collected in supernatants. The 

samples were stored at 4 °C. Before use, the excess polymers and solvent were removed 

by three times of washing with DI water using centrifugation filtration units (Amicon, 

100 kDa).  

 

3.3.3 Characterization of polymer-functionalized SWNT  

UV-NIR spectra of the functionalized SWNT solutions were obtained over the range of 

190 – 850 nm in a UV-NIR spectrophotometer (Cary-100 bio, Varian Inc.) using 1 cm 

quartz cuvettes. Thermogravimetric analysis (TGA) was performed using Q500 (TA 

instruments Ltd, UK). Freeze dried SWNT-polymer samples were loaded in the sample 

holder and were heated up to 800 °C at a rate of 10 °C/min under nitrogen atmosphere. 

The weight loss and derivative weight (the rate of weight loss) were recorded 

continuously. The morphologies of the SWNT functionalized with different polymers 

were examined by Transmission electronic microscopy (TEM) (Philips169 CM200 200 

kV). 5 μl of sample solution was deposited on carbon-coated copper grid and allowed to 
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dry for 10 mins. The surface charge of the functionalized SWNT was evaluated using 

zeta potential analyzer (Brookhaven Instruments Corporation, USA). 10 measurements 

were taken for each sample. The results were expressed as mean ± standard error.  

3.3.4 Cell culture and cytotoxic study of polymer-functionalized SWNT 

MCF-7 breast cancer cells  (ATCC) were maintained in Dulbecco’s modified Eagle’s 

Medium (DMEM, Invitrogen, Canada) supplemented with 10% fetal bovine serum (FBS, 

Invitrogen, Canada). The cells were cultured in a humidified incubator with 5% CO2 at 

37 °C. The cytotoxicity of SWNT-polymer was evaluated in MCF-7 breast cancer cells 

using the Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation MTS Assay kit 

(Promega). Briefly, triplicate of 1×104 cells were seeded in a 96-well plate and cultured 

for 24 hrs followed by treatment with polymer- functionalized SWNT at a concentration 

of 50 μg/mL at 37°C. The MTS assay was performed following the manufacture’s 

instructions at varied time periods. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was reduced to form 

formazan by mitochondrial enzyme dehydrogenase in viable cells. The formazan 

concentration in the cell culture was measured at absorbance of 490 nm using 1420-040 

Victor3 Multilabel Counter (Perkin Elmer, USA). The amount of formazan is 

proportional to the number of viable cells. The cell viability of SWNT-treated cells was 

calculated as the percentage of viable cells relative to that in untreated control group.  

 

3.3.5 Preparation of FITC-labeled SWNT for cell internalization assay 

The SWNT-polymers were diluted in PBS solution at a concentration of 100 μg/mL. The 

FITC stock solution (4 mg in ethanol) was added to SWNT-polymer solutions at a final 

concentration of 0.4 mg/mL, and then sonicated briefly followed by incubation at room 

temperature for overnight. The unbound FITC was removed by washing with DI water 

using a filtration column (100 kDa cut-off). For cell internalization assay, the MCF-7 

cells were seeded in a 96-well plate at a density of 2 × 104 cells/well in 200µl medium at 

one night before the assay. The cells were incubated with FITC-labeled SWNT for 24 
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hrs, then washed and viewed under fluorescent microscopy (Nikon, Eclipse, Te2000-4, 

Japan). 

 

3.4 Results and discussion 

3.4.1 Characterization of SWNT-polymers  

We observed that the raw SWNT was highly insoluble and formed large aggregation in 

water (Fig. 3.2A). To compare the SWNT-dispersibility by three polymers, we applied 

the same sonication/ultracentrifugation condition for SWNT functionalization using the 

same initial SWNT concentration. At experimental endpoint, the SWNT was dispersed in 

water by all three types of polymers. After removing precipitated SWNT bundles by 

ultracentrifugation, it was observed that different levels of SWNT dispersibility were 

obtained with the three types of polymers, in which, the SWNT-CHI solution exhibited 

black in color; the SWNT-PL-PEG showed clear grey in color, whereas, the SWNT-PS-

b-PAA showed clear brownish solution  (Fig. 3.2A).   

 

It is known that SWNT has strong absorption in UV-NIR range, however, the bundled 

SWNT hardly absorbs in this range due to the photoluminescence quench [147]. UV-NIR 

spectrometry offers a precise measurement of SWNT concentration in solution [111]. The 

results showed that all three types SWNT-polymers displaying strong absorbance over 

the measured range of 190 – 850 nm (Fig. 3.2B-D), suggesting that the individually 

dispersed nanotubes formed. By comparing the absorbance of the SWNT-polymers at 

400 nm, the ratio of the amount of SWNT dispersed in water was roughly 10:5:1 for CHI, 

PL-PEG and PS-b-PAA respectively.  

 

Under TEM, it was observed that the nanotubes tangled together and formed large 

bundles Fig. 3.3A. After functionalization with polymers, single-dispersed nanotubes 

formed (Fig. 3.2B-C). The morphology of SWNT-PL-PEG and SWNT-CHI were similar, 

showing hollow nanotubes covered by a thin layer (less than 0.5 nm in thickness) of 

polymers (Fig. 3.3B & D); in contrast, the SWNT-PS-b-PAA showed a much thicker 

polymer layer (with a thickness ~ 15 nm, Fig. 3.3C). As we know, both PL-PEG and CHI 
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attach to SWNT by wrapping, therefore, only thin polymer layers were formed on 

SWNT; however, PS-b-PAA attached to SWNT via its hydrophobic PS portion with its 

hydrophilic PAA portion orderly aligned towards aqueous environment forming a brush-

like thicker layer around the nanotubes (Fig. 3.3C). 

 

The polymer-coating ratio in the three SWNT-polymers was investigated by TGA. The 

polymers pyrolysis before 500 °C under nitrogen condition, however, the SWNT is stable 

up to 1200 °C. Such a difference in thermal stability allows calculating the amount of the 

polymers coated on SWNT. Based on TGA result (Fig. 3.4), the polymer-coating ratios 

were calculated to be 48%, 94% and 80% w/w for SWNT-PL-PEG, SWNT-PS-b-PAA 

and SWNT-CHI respectively (the percentages of polymers were corrected by removing 

the weight of moisture from initial weight of samples). The result suggested that PS-b-

PAA could be coated more densely on SWNT than the other two types of polymers, 

which is consistent with the TEM result that showed a thicker polymer layer on PS-b-

PAA coated SWNT. The low polymer-coating ratio of SWNT-PL-PEG in our experiment 

was consistent with previous studies that showed pre-functionalized SWNT existed large 

uncoated surface that could be used for loading of a large amount of drug molecules [113, 

120]. However, this direct drug-SWNT adsorption method might not be suitable for 

SWNT-PS-b-PAA drug carrier, since the uncoated surface area could be low in SWNT-

PS-b-PAA. On the other hand, because of high polymer-coating ratio of PS-b-PAA on 

SWNT, high drug loading capacity on SWNT could be achieved by covalent conjugation 

of the drug molecules to the SWNT-coating polymers, which is especially useful for the 

bulky, hydrophobic drugs that are unable to be attached to SWNT sidewall. 

 

As we know, in addition to stabilization of SWNT by steric hindrance of the coated 

polymers, the charges in the polymers also help to stabilize the dispersed SWNT-

polymers in water. Zeta potential analysis indicated that the SWNT-CHI had a zeta 

potential of +60 ± 3 mv due to large number of highly cationic CHI; the SWNT-PS-b-

PAA showed a zeta potential of -23 ± 3 mv because of the negative charged -COO− 

group; and the SWNT-PL-PEG-NH2 had a positive charge of +12 ± 3 mv. As examined, 

all the three types of polymer-coated SWNT were stable in water at a SWNT 
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concentration up to 400 μg/ml. The stability of SWNT-polymers was further investigated 

in physiological buffer PBS and serum containing medium. The results showed that the 

SWNT-PL-PEG-NH2 and SWNT-PS-b-PAA exhibited excellent stability with no 

aggregation observed by incubating in PBS (0.01M, PH7.4) and DMEM containing 10% 

FBS for 48 hrs at 37 °C. However, upon incubation of high concentration of SWNT-CHI 

(>100 μg/mL) with PBS and the cell culture medium, aggregation occurred. The 

differences in the stability of various polymer-coated SWNT could be due to different 

stabilization mechanisms. In SWNT-PL-PEG-NH2 and SWNT-PS-b-PAA, the SWNT are 

stabilized by two factors: the charge and steric hindrance of the coated polymers. 

However, the steric hindrance of CHI on SWNT is minor since CHI wraps SWNT with 

its entire molecule, so the stability is largely supported by its highly positive charge (zeta 

of +60 mv). However, when the charges in CHI are neutralized by the ions existed in 

PBS and other physiological solutions, aggregation of SWNT could occur.   

 

3.4.2 Cytotoxicity of SWNT-polymers 

The cytotoxicity of SWNT-polymers was examined by MTS assay using MCF-7 cells. 

With treatment dosage of 50 μg/mL, no toxicity was observed in SWNT-PL-PEG-NH2 

and SWNT-CHI treated cells (viability close to 100%), which was consistent with the 

results obtained by other groups that PL-PEG functionalized SWNT is not toxic [118]. 

Minor toxicity was shown in SWNT-PS-b-PAA treated cells (viability of 86 ± 3% at 24 

hrs and 82 ± 5% at 48 hrs, Fig. 3.5).  

 

3.4.3 Cell internalization and localization of SWNT-polymers 

The FITC-labeled SWNT-polymers were used to examine cell internalization. By 

incubation of the SWNT-polymers/FITC with MCF-7 breast cancer cells for 12 hrs, FITC 

fluorescence was observed under the microscope in the cells treated with all three types 

of SWNT-polymers, suggesting that all three types of SWNT-polymers could penetrate 

cancer cells (Fig. 3.6).  
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3.5 Conclusion 

Since CNT is highly hydrophobic, it is critical to prepare well-dispersed and stable CNT 

solution prior to biomedical applications. Noncovalent functionalization of CNT with 

polymers renders CNT with good dispersity, and also improves their accessibility for 

further biomedical applications.  We have shown that all three types of polymers used, 

PL-PEG, PS-b-PAA and CHI, could well disperse SWNT in aqueous solution, however, 

different level of SWNT dispersibility were obtained under the same level of sonication 

power and the same sonication time period. The three types of polymer coated SWNT 

were stable in water, however, high concentration of SWNT-CHI could form aggregation 

in PBS and cell culture medium, which might be related to different stabilization 

mechanisms. The polymer-coating ratio in SWNT-PS-b-PAA was much higher than that 

in SWNT-PL-PEG and SWNT-CHI. With different levels of polymer-coating ratio, the 

functionalized SWNT might be suitable for different schemes for drug loading to SWNT. 

For example, the PL-PEG functionalized SWNT, with the low level of polymer-coating 

ratio, large uncoated surface area exists, thus it is favorable for loading drugs directly 

onto SWNT sidewall for potential drug delivery applications; whereas, with high level of 

polymer-coating ratio in SWNT-PS-b-PAA, higher drug loading could be achieved by 

conjugation of drug molecules to SWNT functionalization polymers (PS-b-PAA). In vitro 

study has confirmed that the cell internalization capability of the three types of SWNT-

polymers in breast cancer cells. Taking together, the current study interfaces the novel 

nanomaterials with biological systems and establishes a foundation for the use of SWNT 

in potential important applications in cancer detection, drug delivery, and other 

biomedical applications. 
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Figure 3.1 Non-covalent functionalization of SWNT using different types of 
polymers.  
SWNT surface can be noncovalently functionalized using amphiphilic polymers that 
contain lipid chains or aromatic rings, or by polysaccharides that display helical structure. 
These polymers associate with SWNT through different SWNT-polymer interactions. 
The lipid chains in the lipid-polymer wrap to SWNT through Van der Waals force and 
other hydrophobic associations; the aromatic rings stick tightly to SWNT through π-
stacking; and the polysaccharides wrap spontaneously around the SWNT surface, 
resulting in a compact, helical structure stabilized by an interlaced hydrogen-bond 
network.  
  

Aromatic ring-containing amphiphilic block 
polymers e.g. Polystyrene-block-polyacrylic 
acid (PS-b-PAA) 

Lipid chain-containing amphiphilic polymers  
e.g. Phospholipid polyethylene glycol (PL-PEG) 

O P
O

O
O NH

O
PE
G

CH2 CH CH2 CH

COOH

n m
H3C

O P
O

O

O

O
H
N

O O

OCH2CH2 NH2

O

O

H

n

O
HO

O

OH

O
HO

HO

OH

O
HO

O

OH

NH2

NH2

NH
O

Polysaccharides e.g. Chitosan (CHI) 

Types of polymers  Polymer-SWNT associations 

Helical wrapping  

CH2
CH

CH2
CH

CH2
CH

CH2
CH

CO
OH

CH2
CH

CO
OH

CH2
CH

CO
OH

m

n

Sticking via polyaromatic chain 

Wrapping via lipid chain 



 

P a g e  |            
 

50 

 

 
Figure 3.2 Characterization SWNT-polymers by UV-NIR spectrometry   

(a) Photo graphs of raw and as prepared functionalized SWNT in water, and absorption 
spectra of (b) SWNT-PL-PEG (c) SWNT-PS-b-PAA (d) SWNT-CHI over the range of 
190 – 850 nm.  
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Figure 3.3 Characterization of SWNT-polymers by Transmission Electron 
Microscopy (TEM) 
(a) Raw SWNT (b) SWNT-PL-PEG (c) SWNT-PS-b-PAA  (d) SWNT-CHI  
Red arrows indicated single-dispersed SWNT. 
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Figure 3.4 Characterization of SWNT-polymers by Thermogravimetric Analysis 
(TGA)   

(a) SWNT-PL-PEG  (b) SWNT-PS-b-PAA (c) SWNT-CHI  
TGA was performed up to 800 °C under nitrogen atmosphere, weight loss and derivative 
weight of samples were recorded and plotted against temperature. 
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Figure 3.5 Cytotoxicity of SWNT-polymers in breast cancer cell line 
MCF-7 cells were incubated with SWNT-polymers at 50 μg/mL for up to 48 hrs. Cell 
viability was measured by MTS assay. Cell viability in untreated control was assigned as 
100% and its O.D from MTS assay was used to calculate cell viability in test groups.  
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Figure 3.6 Cell internalization of SWNT-polymers in breast cancer MCF-7 cells 
Microscopic images of (a) SWNT-PL-PEG (b) SWNT-PS-b-PAA (c) SWNT-CHI 

MCF-7 cells were incubated with different SWNT-polymers/FITC respectively for 12 hrs 
and then the cells were washed and viewed under fluorescence microscopy.  
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Preface: In this study, a new SWNT-based PTX delivery system was developed by 

conjugation of cross-linked human serum albumin (HSA) nanoparticles to functionalized 

SWNT for PTX delivery. The HSA is chosen because of its high binding affinity to PTX. 

The formulated SWNT-PTX enables removal of toxic delivery agents. The design 

strategy, preparation and characterization of SWNT-HSA-PTX were presented. The in 

vitro antitumour efficacy of SWNT-HSA-PTX was compared with free drug PTX and 

HSA nanoparticle only formulated PTX using MCF-7 breast cancer cells. 

 

The article was submitted to Cell Biochemistry and Biophysics (2013). The manuscript 

has been tentatively accepted with minor revision.   
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4.1 Abstract 

Paclitaxel (PTX) is one of the most important drugs for breast cancer, however, the drug 

effects are limited by its systematic toxicity and poor water solubility. Nanoparticles have 

been applied for delivery of cancer drugs to overcome their limitations. In this study, a 

novel single-walled carbon nanotube (SWNT)-based drug delivery system was developed 

by conjugation of human serum albumin (HSA) nanoparticles to SWNT for delivery of 

an antitumour agent paclitaxel (PTX). The SWNT-drug carrier was characterized by 

TEM, UV-NIR spectrometry, and TGA. The SWNT-drug carrier displayed high 

intracellular delivery efficiency (cellular uptake of >80%) in breast cancer MCF-7 cells, 

as examined by fluorescence labeled drug carriers. The PTX formulated with SWNT-

HSA showed higher growth inhibition in MCF-7 breast cancer cells than the PTX 

formulated with HSA nanoparticle only after 48 hrs of drug incubation. The increased 

drug efficacy could be driven by SWNT-mediated cell internalization. These data 

suggested that the developed SWNT-based antitumour agent was effective. However, 

more studies for in vivo drug delivery efficacy and other properties are needed before this 

delivery system can be fully realized.  



 

P a g e  |            
 

57 

4.2 Introduction 

Breast cancer is one of the most common causes of death worldwide. It accounts for 

almost 33% of all incident cases of cancer in women [1]. Chemotherapy in addition to the 

primary surgical removal of tumours is a necessary treatment for breast cancer. 

Widespread use of adjuvant chemotherapy in breast cancer has led to dramatic 

improvement in survival. Paclitaxel (PTX) is one of the most important anti-tumour 

reagents for breast cancer. It prevents microtubule disassembly, which disturbs the 

important cellular functions of microtubule, including mitosis, cell transport, and cell 

motility. Since the drug is not specific for cancer cells, it affects all fast dividing cells 

[148], therefore, it causes sever side effects [30, 31]. In addition, due to poor solubility of 

the drug, it is necessary to use surfactants, such as cremophor for delivery, which causes 

hypersensitivity reactions [33, 34]. The commercial PTX formulation, Taxol®, has to be 

infused intravenously over a long period of time. Abraxane®, a human serum albumin 

(HSA) nanoparticle formulated PTX, has been developed to solve the problems of PTX. 

The use of HSA nanoparticles allows removal of surfactant in the formulation, however, 

side effects still exist [5, 149, 150].  

 

An effective cancer delivery system should be able to specifically deliver chemotherapy 

drugs to tumour tissues in order to reduce off-target toxicity. In addition, it is preferably 

able to carry drugs inside of cells to take effect. Nanoparticles have been shown to 

accumulate in tumour tissues due to permeability of leaky tumour vasculature to the 

nanoparticles. The phenomenon is termed as tumour-selective Enhanced Permeability 

and Retention (EPR) effect. The EPR effect is the basis for design of nanoparticle 

therapeutics for selective targeting tumours.  

 

Carbon nanotube (CNT) is a novel type synthetic nanomaterials with unique hollow, 

cylindrical shape. Structurally, CNT can be viewed as rolled from layers of graphene 

sheets. CNT can be one layer (single-walled nanotube, SWNT) or multiple layers (multi-

walled nanotube, MWCNT).  CNT possesses many interesting properties as a drug 

carrier, such as, cell internalization due to its needle-like shape [12] and specific optical 

characteristics for in vivo detection and imaging. Since tumour accumulation of 
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functionalized CNT has been found in animal models [91], CNT has been widely 

investigated for delivery of anti-tumour agents, including DNA, siRNA, peptides and 

drugs [107, 146, 151-154].  

 

CNT consists of supramolecular structure that is formed by covalent bonding between 

carbon atoms, so, drug loading to this pre-formed structure is very challenging. Owing to 

the hollow structure of nanotubes, small molecule drugs can be loaded into the interior of 

CNT through a simple capillarity-induced filling, however, the loading amount is usually 

very low [119]. Researchers have also found that CNT contains a large surface area that 

allows direct adsorption of some hydrophobic drugs, especially the drugs that contain 

flat, benzene ring structure, e.g, doxorubicin (DOX) [113]. However, for drugs with 

bulky structures, e.g. PTX, no effective drug-loading scheme is available.  

 

To efficiently load of PTX to SWNT, in this study, we have developed a HSA 

nanoparticle conjugated SWNT for delivery of PTX. The design is based on the property 

of high binding affinity of PTX to HSA [155]. HSA is the most abundant plasma protein, 

which could act as a carrier in blood for certain hydrophobic molecules, such as long 

chain fatty acid, metal ions, and some drugs [7]. It was hypothesized that HSA could be 

used as a platform for loading of PTX onto SWNT. 

 

4.3 Materials and methods 

4.3.1 Noncovalent functionalization of SWNT with PL-PEG-NH2 

Noncovalent functionalization of SWNT (HiPco, Unidym Inc, USA) was prepared by a 

previously described method with minor modification [81]. The SWNT was firstly 

dispersed in organic solvent DMF by sonication for 5 mins in a bath sonicator (model 

2510, Branson Ultrasonics, CT) at a concentration of 2 mg/ml. The amphiphilic lipid 

polymer, phospholipid polyethylene glycol (PL-PEG-NH2, 2K Da, Avanti Lipid 

company, USA) was dissolved in deionized (DI) water at a concentration of 2 mg/ml. 

Ten times of volume of PL-PEG-NH2 water was added to the solvent dispersed SWNT. 

The mixture was sonicated for 1 hr at room temperature with changing water every 20 
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min to avoid overheating. After sonication, the suspension was centrifuged at 20k rpm 

(50Ti, Beckman Coulter, USA) for 1 hrs at room temperature to remove SWNT bundles 

and impurities. Excess PL-PEG-NH2 was removed by three times of washing using 

centrifugation filtration units (100 kDa cut-off) before use.  

 

4.3.2 Preparation of HSA nanoparticles by cross-linking of the protein 

The HSA nanoparticles were prepared by cross-linking of HSA proteins using EDC 

(Thermo Scientific), plus sulfo-NHS (Thermo Scientific) as cross-linking reagents 

following instruction provided by the manufacture. Briefly, EDC (30 mM) and sulfo-

NHS (5mM) were dropwise added to 10 mL of HSA (20 mg/ml) in PBS buffer (PH 7.4). 

The mixture was incubated at room temperature for 2 hrs with shaking. The excess 

reagents in were removed by three times of washing with PBS using centrifugation 

filtration units (100 kDa cut-off).     

 

4.3.3 Conjugation of HSA nanoparticles to SWNT-PL-PEG 

Heterobifunctional linker molecule, NHS-PEG4-Maleimide (SM-PEG4, Thermo 

Scientific), was used for conjugation of cross-linked HSA nanoparticles to PL-PEG-NH2 

functionalized SWNT. The conjugation reaction was carried out in the following three 

steps. The first step was to link SM-PEG4 to the amino end of SWNT-PL-PEG-NH2, for 

which, 5 mL of SWNT-PL-PEG-NH2 in PBS buffer (PH 7.4) mixed with 8 μl of 250 mM 

SM-PEG4 and incubated at 4°C for 2 hrs, and then the excess linking reagent was 

removed by washing with PBS using centrifugation filtration units (100 kDa cut-off). The 

second step was to activate sulfhydryl group in HSA by Traut reagents (Sigma), for 

which, 20 mL of cross-linked HSA nanoparticles (5 mg/ml) in PBS buffer (PH 7.4) 

mixed with 100 μl of Traut reagent (50 mM), and 100 μl EDTA (0.5 M), and incubated at 

room temperature for 1 hr with shaking. The excess reagents were removed by washing 

with PBS using centrifugation filtration unit (2 kDa cut-off). In the third step, the SM-

PEG4 conjugated SWNT-PL-PEG-NH2- mixed with sulfhydryl group activated HSA, and 

incubated at room temperature for 30 min with shaking. The SWNT-HSA conjugates 
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were purified by washing three times with DI H2O using centrifugation filtration unit 

(100 kDa cut-off). The dry SWNT-HSA was obtained by freeze-drying process.  

 

4.3.4 Characterization of SWNT-HSA drug carrier 

UV-NIR spectra of PL-PEG-NH2 functionalized SWNT were measured with 1 cm quartz 

cuvettes using UV-NIR spectrophotometer (Cary-100 bio, Varian Inc) over the range of 

200 – 850 nm. The extinction coefficient was obtained by plotting the absorbance at 565 

nm against SWNT concentration (mg/l) and subsequent linear regression analysis. TGA 

was performed using TGA Q500 (TA instruments Ltd, UK). Samples were loaded in the 

sample holder and the materials were heat up at a rate of 10 °C/min up to 800 °C under 

nitrogen. The weight loss and derivative weight were recorded continuously and plot 

against time. The size of cross-linked HSA nanoparticles was measured using dynamic 

light scattering (DLS) size analyzer (Brookhaven Instruments Corporation, USA). 10 

measurements were taken for each sample and the results were expressed as mean ± 

standard error. The morphology of the functionalized SWNT and HSA conjugated 

SWNT were examined by TEM (Philips169 CM200 200 kV). 5 μl of sample was 

deposited on carbon-coated copper grid and allowed to dry for 10 mins. The excess liquid 

on grid was removed by touching the edge of the grid with filter paper.  

 

4.3.5 Cell culture 

MCF-7 breast cancer cells  (ATCC) were maintained in Dulbecco’s modified Eagle’s 

Medium (DMEM, Invitrogen, Canada) supplemented with 10% Fetal Bovine Serum 

(FBS, Invitrogen, Canada). The cells were cultured in a humidified incubator with 5% 

CO2 at 37 °C.  

 

4.3.6 Labeling SWNT with fluorescence dye FITC and cell internalization assay 

Fluorescent SWNT was prepared either by covalently linking fluorescein isothiocyanate 

(FITC) to PL-PEG-NH2, and then used for coating of SWNT, or by physical attaching of 
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FITC on sidewall of nanotubes. For covalent labeling, FITC was conjugated to PL-PEG-

NH2 via its isothiocyanate group (–N=C=S) reacting with amino group in PL-PEG-NH2 

[81]. In general, 10 mg of PL-PEG-NH2 was dissolved in 5 mL of 0.1 M NaHCO3-

Na2CO3 buffer solution (PH 9.0), and 100 μl of 13 mM FITC was added and incubated at 

room temperature in dark for one overnight. For physical attaching FITC on nanotubes, 

SWNT were firstly mixed with FITC in organic solvent DMF with 5 mins of sonication 

in a bath sonicator, and then functionalized with PL-PEG-NH2 followed by further 

conjugation of HSA nanoparticles to PL-PEG-NH2. The excess FITC was removed by 

dialysis using a membrane cassette with a cut-off of 100 kDa. 

 

For cell penetration assay, the MCF-7 cells were seeded in a 96-well plate at a density of 

2 x 104 cells/well in 200µl medium at one night before the assay. The cells were 

incubated with FITC labeled SWNT at a concentration of 1- 5 μg/mL (equivalent of 

SWNT amount) for 24 h. The cells were washed and viewed under fluorescence 

microscope.  

 

4.3.7 Loading of PTX onto SWNT-HSA 

Loading of PTX onto SWNT-HSA followed the procedure developed by Lay et al [124] 

with modifications. Briefly, PTX was firstly dissolved in methanol at a concentration of 4 

mg/ml. SWNT-HSA dry powder was added to PTX methanol solution at a concentration 

of 15 mg/mL and sonicated for 30 min, and then, 10 times of volume of DI water was 

dropwise added to the SWNT-HSA/PTX methanol mixture. After water addition process, 

the mixture was sonicated for additional 1 hr with cooling using ice-cold water to prevent 

overheating. The mixture was equilibrated at room temperature for one overnight to 

allow unbound PTX to precipitate from the mixture. The dispersed SWNT-HSA/PTX in 

supernatant was carefully transferred to a fresh tube, and methanol in solution was 

removed by three times of washing with DI water using centrifugation filter units (100 

kDa cut-off). The unbound PTX in precipitates was extracted with organic solvent 

dichloromethane and dried with a rotary evaporator, and then re-dissolved in methanol 

for quantification using UV spectrometry.  
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4.3.8 Cell viability assay 

Cell viability was evaluated in MCF-7 breast cancer cells using the Cell Titer 96® 

Aqueous Non-Radioactive Cell Proliferation MTS assay kit (Promega). Briefly, 

triplicates of 1x104 /well of cells in 96-well plates were treated with different PTX 

formulations at 37°C for varied time periods. MTS assay followed manufactory’s 

instructions. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) was reduced to form formazan by mitochondrial 

enzyme dehydrogenase present in viable cells, and the formazan concentration in cell 

culture was measured at absorbance of 490 nm using 1420-040 Victor3 Multilabel 

Counter (Perkin Elmer, USA). The amount of formazan is proportional to the number of 

viable cells. Cell viability was calculated as the percentage of absorbance relative to that 

in untreated control group.   

 

4.3.9 Detection of apoptosis by TUNEL staining 

The TUNEL staining of apoptotic cells upon drug treatment was performed using the 

DeadEnd Colorimetric TUNEL System (Promega) according to manufacturer’s 

instruction. TUNEL detects DNA fragmentation of apoptotic cells. The ends of 

fragmented DNA are labeled by a modified TUNEL (TdT-mediated dUTP Nick-End 

Labeling). The terminal deoxynucleotidyl transferase (TdT) enzyme adds a biotinylated 

nucleotide at the 3’-OH ends of fragmented DNA, and the biotinylated nucleotides are 

conjugated with horseradish-peroxidase-labeled streptavidin. The peroxidase is then 

detected using its substrate, hydrogen peroxide, and the chromogen, diaminobenzidine 

(DAB). The nuclei of apoptotic cells are stained brown. 

 

4.3.10 Statistical analysis 

Statistical analysis was carried out using software SPSS software (Minitab Inc, State 

College, PA). Data were expressed as mean ± standard deviation (SD). Statistical 

significance was accepted at a level of p < 0.05. Differences between the groups were 
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tested through analysis of variance (ANOVA). Tukey’s post-hoc analysis was applied to 

compare the differences between the groups. 

 

4.4 Results and discussion 

4.4.1 Design of SWNT-based drug delivery system for PTX 

Previous study has shown that PTX can be directly adsorbed onto the nanotube sidewall 

for delivery, but with low loading efficiency [124], so it was designed to conjugate HSA 

nanoparticles to SWNT for more effective PTX loading. HSA was chosen for drug 

loading to SWNT because of its high binding affinity to PTX [155]. As illustrated in Fig. 

4.1, SWNT, coated with PL-PEG-NH2, serves as a drug-loading platform, on which, 

cross-linked HSA nanoparticles are conjugated to amino end group of PL-PEG-NH2 for 

PTX loading. Both non-covalent and covalent approaches are applied to build SWNT-

based drug delivery system. PL-PEG-NH2 is non-covalently functionalized on SWNT so 

as to disperse SWNT in aqueous solutions. HSA is cross-linked to generate HSA 

nanoparticles, and then covalently linked to amino group in SWNT-PL-PEG-NH2 to form 

SWNT-HSA drug carrier. PTX can be efficiently attached on SWNT-HSA via specific 

HSA-PTX interaction. It is expected that macromolecular structure of the SWNT-based 

drug could favor drug accumulation in tumour tissues through EPR effect, and cell 

internalization of SWNT-HSA-drug could be driven by needle-like SWNT. 

 

4.4.2 Preparation of SWNT-HSA and the structural characterization 

SWNT forms rope-like aggregation in water due to hydrophobic interaction between the 

nanotubes. In order to well disperse SWNT in water, lipid-polymer PL-PEG was applied 

for noncovalent functionalization of SWNT surface via a sonication process, which 

provides energy to break down the inter-tube interaction, and to allow the lipid-polymer 

to attach to SWNT surface. The PL-PEG functionalized SWNT was stable in aqueous 

solutions, including water, PBS and cell culture medium (insert in Fig. 4.2a). Single-

dispersed SWNT with hollow tubular structure was clearly seen under TEM (Fig. 4.3a). 

Well-dispersed SWNT displayed strong absorption along the measured range of 200 to 
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850 nm (Fig. 4.2a). The dry SWNT-PL-PEG powder could be obtained by lyophilisation, 

and the dry powder could be easily re-dispersed in water solution with brief sonication 

after storage at 4 °C for up to three months. TGA was applied to evaluate the ratio of the 

polymer coated on SWNT since different thermal profile existed for SWNT and coated 

polymers, in which, SWNT is stable up to 1200 °C, and PL-PEG-NH2 is fully degraded 

from 200 - 500 °C under nitrogen condition. TGA result showed that the polymer-coating 

ratio on SWNT was around ~50% w/w (the weight loss due to moisture of the sample 

was corrected, Fig. 4.2b).  

 

To prepare SWNT-HSA drug carrier, HSA was firstly cross-linked to form nanoparticles. 

With the conjugation condition described in materials and methods section, it was formed 

small, homogenous HSA nanoparticles with a hydrodynamic diameter of 60.4 ± 1.1 nm 

as revealed by DLS. TEM image showed the morphology of the nanoparticles was either 

round or square in shape (Fig. 4.3c), and the HSA nanoparticles were densely attached on 

SWNT surface. With conjugation of HSA nanoparticles on SWNT, surface area and 

overall size (~ 100 nm in dia.) of the SWNT-drug carrier greatly increased (Fig. 4.3b).  

 

4.4.3 Investigation of intracellular delivery efficiency of SWNT-HSA drug carrier 

For cell internalization assay, fluorescent dye FITC was used to label SWNT-HSA. We 

firstly tried to conjugate FITC to HSA to make fluorescent nanoparticles. However, FITC 

conjugated HSA spontaneously formed the particles to ~500 nm as measured by DLS. 

The formation of bigger nanoparticles was possibly due to association of HSA molecules 

using hydrophobic FITC as molecular glue. Because the size of FITC conjugated HSA 

particles was too big even before cross-linking, we then changed FITC labeling method 

by adsorption of the flat benzene-containing FITC on the sidewall of SWNT. The 

formation of SWNT-HSA/FITC hybrid was confirmed by dialysis procedure using a 

membrane cassette of 100 kDa cutoff, in which, brown FITC-containing SWNT-HSA 

remained in cassette even with repeated changing water for 2 days. By incubation of cells 

with 1 – 5 µg/mL (equivalence of SWNT amount) of SWNT-HSA/FITC for 24 hrs, it 
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was obtained FITC cell internalization ratio of 72%, 80% and 81% for 1, 2.5 and 5 

µg/mL of SWNT-HSA/FITC respectively, indicating that the SWNT-HSA drug carrier 

could deliver drugs inside of cancer cells in high efficiency (Fig. 4.4).  

 

4.4.4 Examination of cytotoxicity of the SWNT-HSA drug carrier  

The toxicity of PL-PEG functionalized SWNT and SWNT-HSA was examined using 

MCF-7 cells. The cells were treated with varied amounts of SWNT-HSA in range of 1 - 

10 µg/mL for 24 hrs and cell viability was examined by MTS assay. Our result showed 

that cell viability was 97 ± 4%, 93 ± 7% and 93 ± 7% (mean ± s.d, n=3) for incubation 

with 1, 5 and 10 µg/mL of SWNT-PL-PEG respectively, which was similar to the result 

obtained in previous studies [118]. With conjugation of HSA nanoparticles to SWNT, we 

obtained the cell viability of 98 ± 4%, 91 ± 5% and 88 ± 6 % (mean ± s.d, n=3) for 1, 5 

and 10 µg/mL of SWNT-HSA respectively (fig. 4.5). There was no statistic significance 

in cell viability between SWNT-PL-PEG and SWNT-HSA. So, we concluded that 

toxicity of SWNT-HSA was minor to cells, and therefore the SWNT-HSA is suitable as a 

drug carrier. 

 

4.4.5 Evaluation of SWNT-HSA drug formulation 

Since the water solubility of PTX is very low (~0.4 µg/ml), it is not possible to load PTX 

to SWNT-HSA directly in aqueous solution, so PTX was firstly dissolved in methanol for 

loading onto SWNT-HSA, then a large amount of DI water was dropwise added to 

SWNT-HSA/PTX methanol solution with sonication. During this process, the 

hydrophobic interaction would allow binding of PTX to SWNT-HSA. The PTX 

concentration in SWNT-HSA solution was calculated indirectly by subtracting the 

precipitated PTX from total amount of PTX added. It was estimated that PTX loading 

ratio of 135% w/w was obtained, which was much higher compared to 26% w/w of drug 

loading by direct adsorption of PTX to sidewall of SWNT-PEG [124]. 
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4.4.6 Investigation of antitumour effect of SWNT-HSA formulated PTX 

The antitumour effect of SWNT-HSA/PTX was investigated in breast cancer cell line 

MCF-7. The results showed that, within 72 hrs of drug treatment, free drug PTX 

dissolved in methanol showed slightly higher level of cell growth inhibition than PTX 

formulated with SWNT-HSA and HSA nanoparticle only, however the delivery vehicle 

methanol alone caused 12-14% cell death. Between HSA/PTX and SWNT-HSA/PTX 

groups, there was little difference in cell viability within 48 hrs of drug treatment, 

however, for 96 hrs of drug incubation, SWNT-HSA/PTX demonstrated stronger cell 

growth inhibition than HSA/PTX (cell viability of 53% vs. 62% p < 0.05, n = 3). The 

enhanced toxicity could be driven by SWNT-medicated cell internalization of the 

SWNT-HSA/PTX. The delayed drug effect could be due to slow release of PTX from 

SWNT-HSA, since only unbound PTX is pharmacologically active.  

 

Apoptosis induced by different PTX formulations was examined using TUNEL staining. 

By counting the number of TUNEL-positive cells, it was obtained that the ratio of 

apoptotic cells was in range of 7-8% for all three PTX formulations ((Fig. 4.7). There was 

no statistic significance between them, suggesting the same mechanism of drug action 

could be responsible for all three PTX formulations.  

 

4.5 Conclusion 

In this study, a novel HSA nanoparticle-conjugated SWNT was developed for 

intracellular delivery of PTX for treatment of breast cancer. The SWNT-HSA/PTX 

formulation enables removal of toxic delivery agent Cremophor EL. As expected, the 

SWNT-HSA drug carrier demonstrated excellent intracellular drug delivery efficiency 

and the SWNT-HSA formulated PTX displayed stronger antitumour effect than HSA 

nanoparticle formulated PTX. The increased cancer cell inhibition effect could be driven 

by SWNT-mediated cell internalization. Thus, SWNT-HSA drug carrier is very 
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promising for delivery of PTX for treatment of cancer; thus, it is worthy for further in 

vivo application.  
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Figure 4.1 Schematic presentation of Human Serum Albumin nanoparticle 
conjugated SWNT for delivery of cancer drug paclitaxel.  
SWNT, coated with PL-PEG-NH2, serves as a drug-loading platform, on which, cross-
linked HSA nanoparticles are conjugated to amino end group of PL-PEG-NH2 for PTX 
loading. Both non-covalent and covalent approaches are applied to build SWNT-based 
drug delivery system. PL-PEG-NH2 is non-covalently functionalized on SWNT so as to 
disperse SWNT in aqueous solutions. HSA is cross-linked to generate HSA 
nanoparticles, and then covalently linked to amino group in SWNT-PL-PEG-NH2 to form 
SWNT-HSA drug carrier. PTX could be efficiently attached on SWNT-HSA via specific 
HSA-PTX interaction. It is expected that macromolecular structure of the SWNT-based 
drug could favor drug accumulation in tumour tissues through EPR effect, and cell 
internalization of SWNT-HSA-drug could be driven by needle-like SWNT.  

NH2 

PL-PEG-NH2 HSA nanoparticles PTX 
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Figure 4.2 Characterization of the PL-PEG-NH2 functionalized SWNT  
(a) UV-NIR spectra of SWNT dispersed in water at various nanotube concentrations (b) 
Thermogravimetric analysis (TGA) of SWNT-PL-PEG. Insert in (a) is a photograph of 
SWNT-PL-PEG in water, PBS and cell culture medium   
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Figure 4.3 Characterization of SWNT-HSA drug carriers by Transmission Electron 
Microscopy (TEM)  
 (a) SWNT-PL-PEG-NH2 (b) SWNT-HSA (c) HSA nanoparticles. HSA nanoparticles 
were conjugated to SWNT-PL-PEG-NH2 using heterobifunctional linker SM-PEG6. 
Arrowheads indicate the HSA nanoparticles conjugated to SWNT.          
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Figure 4.4 Drug delivery efficiency SWNT-HSA drug carrier evaluated by cell 
internalization assay 

Microscopic images of MCF-7 cells incubated with fluorescent dye FITC labeled SWNT-
HSA at a SWNT concentration of 1, 2.5, and 5 μg/mL respectively for 24 hrs. The 
percentage of fluorescence-positive MCF-7 cells were determined by counting cell 
numbers in five randomly selected views under microscope.  
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Figure 4.5 Investigation of cytotoxicity of the SWNT-HSA  
MCF-7 cells were incubated with SWNT-HSA at different SWNT concentrations for 24 h. Cell 
viability was measured by MTS assay. Cell viability in untreated control was assigned as 100% 
and its O.D from MTS assay was used to calculate cell viability in test groups.  
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Figure 4.6 In vitro antitumour effect of SWNT-HSA/PTX formulation with time  
MCF-7 cells were treated with 10 ng/mL (equivalent of PTX) in PTX (in methanol), 
HSA/PTX, or SWNT-HSA/PTX respectively for 24 – 72 hrs. Cell viability was measured 
by MTS assay. Cell viability in untreated control was assigned as 100% and its O.D from 
MTS assay was used to calculate cell viability in test groups. ‘*’ indicates statistically 
significance between the two groups; ‘n.s’ indicates no statistically significance. 
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Figure 4.7 Apoptotic effect of SWNT-HSA/PTX formulation in breast cancer cells 
analyzed by TUNEL staining  
Microscopic image of TUNEL staining of MCF-7 cells treated with free PTX, HSA/PTX and 
SWNT-HSA/PTX. The apoptotic cells were stained in dark brown. Arrowheads indicate the 
apoptotic cells.  
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Preface: Previously, polymer-drug approach has been applied for conjugation of PTX to 

water-soluble polymers for delivery. In this study, SWNT-based PTX delivery system 

was constructed using polymer-drug approach, in which, PTX was grafted to an 

amphiphilic polymer polystyrene-block-acrylic acid, and used for noncovalent 

functionalization of SWNT. In this chapter, the design strategy, preparation, 

characterization, intracellular drug delivery capacity and in vitro drug effect of the 

SWNT-polymer-PTX were presented.  
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5.1 Abstract 

Paclitaxel (PTX) is one of the most potent chemotherapy drugs for breast cancer, 

however, the drug efficacy is limited by its systematic toxicity. Nanoparticles have been 

applied for targeted delivery of chemotherapy drugs to tumour tissues, thereby reduce 

off-target toxicity. In this study, a carbon nanotube-based PTX delivery system was 

constructed using polymer-drug approach, in which, drug PTX was conjugated to an 

amphiphilic polymer polystyrene-block-acrylic acid (PS-b-PAA) for functionalization of 

single-walled carbon nanotube (SWNT). TEM study revealed that the polymer PS-b-

PAA formed a thick layer on circumstance of the nanotubes. The polymer-coating ratio 

was ~18 molecules of polymer per 10 nm SWNT as estimated by TGA, which was much 

higher than that of other types of polymers. The high polymer-coating ratio ensured high 

drug loading on SWNT. We have shown that the FITC-labeled SWNT drug carrier was 

able to enter MCF-7 breast cancer cells in high efficiency, suggesting that the SWNT-PS-

b-PAA could be a good intracellular drug carrier. Two PTX molecules could be grafted 

on PS-b-PAA, with which, the PTX-loading ratio in SWNT was estimated to be ~36 drug 

molecules per 10 nm of SWNT. In vitro study using MCF-7 breast cancer cells 

demonstrated that SWNT-polymer-PTX induced severe cellular damage by nuclear 

condensation – a typical action of PTX, suggesting that the SWNT-polymer-PTX was 

functional upon its cellular entry. Thus, the SWNT-polymer-PTX is a promising nano-

drug delivery system for potential breast cancer treatment.  
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5.2 Introduction 

Paclitaxel (PTX), a microtubule toxin, is one of the most potent drugs for breast cancer 

[25]. The binding of PTX to microtubules disturbs the dynamics of microtubules, 

therefore affecting the formation of a normal mitotic apparatus and leading to cell cycle 

arrests in the G2/M phase [156]. Like all other chemotherapy drugs, PTX is non-specific 

to cancer cells and affects all fast dividing cells, thus exhibits many side effects, such as 

leucocytopenias, alopecia, and diarrhoea and peripheral neuropathies etc. [148]. 

Moreover, PTX is very poor in water-solubility, so the clinical PTX formulation Taxol® 

is formulated with surfactant Cremophor EL, which is toxic and often causes 

complications due to hypersensitivity reactions [33, 34]. These severe side effects 

become dose-limiting factors that diminish the efficacy of PTX. There is a need to 

develop a new PTX formulation in order to overcome the problems of PTX. 

 

Tumours, being fast growing tissues, display enhanced vascular permeability due to high 

demand for nutrients and possibly oxygen. The leaky tumour vasculature allows selective 

accumulation of nanoparticles in tumour tissues. This phenomenon is termed as 

Enhanced Permeability and Retention (EPR) effect. Small molecule drugs are formulated 

with nanoparticles made of liposomes, lipids or polymers to exert EPR effects [36]. 

Indeed, nanoparticle-drug formulations have demonstrated higher intratumoural drug 

concentration than their parental drugs [36]. The EPR effect is the basis for design of 

nano-drug delivery system for chemotherapy drugs.  

 

Single-walled carbon nanotube (SWNT), a synthetic carbon-based nanomaterial, is 

among the most promising nanosized drug carriers since it offers many advantages over 

many other types of nanoparticles [146]. This includes intracellular drug delivery, large 

surface area for drug loading and intrinsic optical properties for detection and imaging, 

e.g. strong absorption in the near-infrared (NIR) range, photoluminescence and Raman 

shift [13, 64]. However, raw SWNT is highly hydrophobic, surface modification of 

SWNT, or SWNT functionalization as to disperse SWNT in aqueous solutions is 

necessary for its drug delivery and other biomedical applications [11]. Noncovalent 

functionalization of SWNT using biocompatible polymers is one of the most effective 
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methods for SWNT-dispersion [146]. Recent studies have shown that the polymer-

coated, well-dispersed SWNT has a prolonged blood circulation and high tumour-to-

tissue SWNT concentration [91, 92], which is highly favourable for delivery of 

chemotherapy drugs. Several types of amphiphilic polymers have been shown to well 

disperse SWNT in aqueous solutions, such as lipid chain-containing polymers e.g. 

phospholipid conjugated polyethylene glycol (PL-PEG) [70, 81, 82] and polyaromatic 

rings-containing amphiphilic block polymers, e.g. polystyrene-block-polyacrylic acid 

(PS-b-PAA) [71, 83-85]. Coating the polymers onto SWNT not only affords good 

dispersibility of SWNT, but also improves accessibility of the payloads to SWNT-based 

drug carriers.   

 

Previously, PTX has been successfully conjugated to lipids or polymers for delivery 

[157-159]. Polymer-drug conjugate is made by covalent linking of small molecule drugs 

to polymers so as to improve the biodistribution or to overcome the hydrophobicity of the 

drugs [52]. Usually, drug molecules are conjugated to polymers via cleavable chemical 

bonds since the drug molecules have to be released to exert therapeutic effects. PTX 

contains a reactive hydroxyl group at C2  position that are accessible for ester formation. 

Modification of PTX at the C2′ position has been shown to inactivate PTX [160], 

however, active PTX can be released through enzymatic degradation in circulation or 

following entry of the polymer drug conjugates into cancer cells [53].  

 

In this study, an SWNT-based PTX delivery system was constructed utilizing polymer-

drug approach, in which, PTX was conjugated to an amphiphilic polymer and then used 

for SWNT functionalization. For this purpose, an amphiphilic block polymer PS-b-PAA 

(MW1.8k-b-6.0k) was chosen since it contains multiple  –COOH groups that can be used 

for drug conjugation via ester formation.  
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5.3 Materials and methods 

5.3.1 Reagents 

All the reagents used in the experiments were purchase from Sigma Aldrich, Canada, 

except otherwise indicated specifically. 

 

5.3.2 Chemical Synthesis of the polymer drug (PS-b-PAA-PTX) 

PTX (1 equiv), PS-b-PAA (0.3 equiv MW1.8k-b-6.0k Polymer Source, Montreal), and 4-

N,N-dimethylaminopyridine (DMAP, trace) were dissolved in DMF. Then, 

diisopropylcarbodiimide (DIPC, 1.3 equiv) was added to the above DMF solution. The 

reaction was carried out at room temperature. The completion of the reaction was 

monitored by TLC using methanol/dichloromethane (1:10) as an eluent. The excess 

reagents and unreacted drug molecules in the product were removed by dialysis (2 kDa 

cut-off) against methanol: water (1:1) with changing the dialysate every 4 hrs. The 

complete removal of unreacted PTX was monitored by UV-NIR spectrometry showing 

no PTX peaks present in the dialysate. Then, the product was dialyzed against water for 

another day with changing water every 4 hrs. The final product was dried by 

lyophilisation. For NMR analysis, the final product was dissolved in DMSO-D and 

examined using 500 MHz Varian Mercury spectrometer. The NMR spectra showed 

characteristic peaks in PS-b-PAA-PTX as below: δ = 7.21-8.00 ppm for aromatic protons 

in PTX; δ= 6.66, 5.89, 5.61, 5.38, 5.30, 4.90,4.78, 4.63, 4.26, 4.16, 1.12-1.23 ppm for 

aliphatic protons in PTX; the resonances of PS-b-PPA at 7.06, 6.55, 3.35, 2.50, 2.21, 

1.77, and 1.51 ppm; the appearance of a new peak at 4.78 ppm corresponded to C2'-H in 

acetylated PTX as the reported in literature [158]. The evidence of a shift from δ 4.72 

ppm for the original C2'-H in PTX to the lower field of δ 4.78 ppm confirmed that the 

hydroxyl group of PTX was reacted with polymer PS-b-PAA.  
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5.3.3 Preparation of SWNT-polymer and SWNT-polymer-drug 

Noncovalent functionalization of SWNT using PS-b-PAA or PTX conjugated PS-b-PAA-

PTX followed the method developed by Kang et al [71] with minor modification. Briefly, 

polymer PS-b-PAA or PS-b-PAA-PTX was firstly dissolved in DMF and then mixed 

with SWNT (HiPco, Unidym Inc, USA) with brief sonication in the probe sonicator 

followed by adding 10 times of deionized (DI) water with continuous sonication for 1 hr 

with cooling using icy water. After sonication, the dispersed SWNT was centrifuged at 

20k rpm (Beckman Coulter, USA). The supernatant that contains functionalized SWNT 

was carefully decanted to avoid disturbing the precipitated SWNT bundles in the bottom. 

The functionalized SWNT solutions were stored at 4 °C. Before use, the excess polymer 

and solvent were removed by washing 3 times with DI water using centrifugation 

filtration units (Amicon, 100 kDa).  

 

5.3.4 Characterization of SWNT-polymer-drug  

UV-NIR spectra of functionalized SWNT were obtained in UV-NIR spectrophotometer 

(Cary-100 bio, Varian Inc.) using 1 cm quartz cuvettes over the range of 200 – 850 nm. 

TGA was performed using TGA Q500 (TA instruments Ltd, UK). Freeze dried samples 

were loaded in the sample holder and were heated up to 800 °C at a rate of 10 °C/min 

under nitrogen atmosphere. The weight loss and derivative weight were recorded 

continuously. The size and morphology of functionalized SWNT were examined by TEM 

(Philips169 CM200 200 kV). The surface charge of the functionalized SWNT was 

measured by zeta potential analyzer (Brookhaven Instruments Corporation, USA). Ten 

measurements were taken for each sample. The results were expressed as means ± 

standard error (s.e).  
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5.3.5 Labeling SWNT with fluorescence dye Fluorescein isothiocyanate (FITC) for 

cell internalization assay 

Fluorescent SWNT was prepared by adsorbing FITC molecules on the functionalized 

SWNT. The FITC stock solution (4 mg in ethanol) was added to SWNT-PS-b-PAA 

solution at a final concentration of 0.4 mg/ml. The mixture was sonicated briefly 

followed by incubation in dark at room temperature for one overnight to allow formation 

of SWNT-PS-b-PAA/FITC hybrid. The unbound FITC was removed by washing with DI 

water using a dialysis membrane cassette (100 kDa cut-off). For cell penetration assay, 

the cells were seeded in a 96-well plate at a density of 2 x 104 cells/well in 200µl medium 

at one night before the assay. The cells were incubated with SWNT-PS-b-PAA/FITC for 

12 hrs, then washed with PBS, and viewed under fluorescence microscope (Nikon, 

Eclipse, Te2000-4, Japan). 

 

5.3.6 DAPI staining for examination of PTX effects in MCF-7 cells 

MCF-7 breast cancer cells  (ATCC) were maintained in Dulbecco’s modified Eagle’s 

Medium (DMEM, Invitrogen, Canada) supplemented with 10% fetal bovine serum (FBS, 

Invitrogen, Canada). The cells were cultured in a humidified incubator with 5% CO2 at 

37 °C. The cells were incubated with PTX and SWNT-polymer-PTX for 48 hrs. Cells 

were washed and fixed with 4% paraformaldehyde and stained with 300 nM of nucleus 

staining fluorescent dye DAPI. Cells were visualized by fluorescence microscopy to 

examine nuclear condensations.  

 

5.4. Results and discussion 

5.4.1 Design strategy for the SWNT-polymer-drug   

Noncovalent functionalization of SWNT by amphiphilic polymers is an effective way to 

disperse SWNT in aqueous solutions. An amphiphilic block polymer, polystyrene-block-

acrylic acid (PS-b-PAA), was chosen for both SWNT dispersion and drug linkage. The 

hydrophobic portion (PS) of the polymer contains aromatic rings that could attach to 
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SWNT through π-stacking, and the hydrophilic portion (PAA) comprises multiple 

carboxyl groups that could link to PTX via ester bonding. As illustrated in Fig. 5.1, PTX 

is firstly conjugated to carboxyl groups of PS-b-PAA by esterification at C2′-hydroxl of 

PTX. Then, the polymer-PTX conjugate is used for SWNT surface-functionalization. 

Since PS-b-PAA can be coated densely around the nanotubes, it affords high drug-

loading ratio on SWNT. Furthermore, the PAA contains multiple carboxylic groups, so 

multiple drug molecules could be potentially linked to one polymer molecule, which 

could further increase drug loading on SWNT.  

 

5.4.2 Characterization of SWNT-drug carrier 

The SWNT-drug carrier (SWNT-PS-b-PAA) was prepared via a simple sonication 

process. The sonication process provides energy to break down the interactions between 

nanotubes so as to allow attachment of polymers onto SWNT surface. Previous studies 

has shown that the bundled SWNT hardly absorbs due to photoluminescence quench in 

UV-NIR range, however, after dispersion, SWNT exhibits strong absorbance in this 

range [147]. As expected, the obtained SWNT-PS-b-PAA in water showed continuous 

absorbance over the measured range of 200 – 850 nm (Fig. 5.2a). In UV spectra of the 

SWNT-PS-b-PAA, a strong absorption peak before 230 nm corresponded to the 

absorption of PS-b-PAA with a slight blue shift (Fig. 5.2a). Under TEM, the SWNT-PS-

b-PAA displayed single-dispersed status, and the polymer formed a thick layer on the 

circumstance of the nanotubes (Fig. 5.2b).  

 

The differential thermo degradation profiles of SWNT and PS-b-PAA allow evaluation of 

the polymer-coating ratio on SWNT by TGA. Under nitrogen atmosphere, SWNT is 

stable up to 1200 °C, whereas, the PS-b-PAA degrades before 600 °C. Based on TGA of 

SWNT-PS-b-PAA (Fig. 5.2C), the polymer-to-SWNT ratio was estimated to be ~18 

polymers per 10 nm of SWNT (assuming MW of 170 kDa for 200 nm and 1.5 nm of 

SWNT and MW of 7800 g/mol for PS-b-PAA). The obtained polymer-coating ratio was 

much higher than other types of polymer-coated SWNT (our unpublished data), such as 

PL-PEG and chitosan. For example, the polymer-coating ratio in SWNT-PL-PEG was 
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only ~3 per 10 nm of SWNT [113]. The differences in polymer-coating ratio could be 

attributed to distinct coating manor of the two polymers, since the PL-PEG wrapped to 

SWNT via its lipid chain, whereas, the PS-b-PAA packed on SWNT surface via its 

polyaromatic rings sticking onto SWNT with its hydrophilic portion of the polymer to be 

tidily aligned to form a dense polymer coating layer. 

 

Since the PS-b-PAA is an anionic polymer, coating of the polymer on SWNT imparts 

negative charges on SWNT surface. As expected, the obtained SWNT-PS-b-PAA 

displayed a zeta potential of -24 ± 8 mV. By coating the charged polymers on SWNT, 

both steric hindrance of the polymer and electrostatic repulsion could prevent the SWNT 

from aggregation. Indeed, in our test, the SWNT-PS-b-PAA solution was stable in water, 

and did not aggregate in PBS and serum-containing cell culture medium.  

 

5.4.3 In vitro evaluation of SWNT-drug carrier 

The cytotoxicity of SWNT-drug carrier (SWNT-PS-b-PAA) was examined in MCF-7 

cells. The cells were treated with varied concentrations of SWNT-PS-b-PAA in range of 

10 - 50 µg/mL for up to 48 hrs. The cell viability was examined by MTS assay. Cell 

viability in untreated control group was assigned as 100% and its O.D from MTS assay 

was used to calculate the normalized cell viability in test groups. The result showed that 

cell viability was higher than 80% with the highest dosage treated (50 µg/mL), 

suggesting that the cytotoxicity of SWNT-PS-b-PAA was minor (Fig. 5.3A).  

 

In next step, we evaluated the intracellular delivery capability of the SWNT-drug carrier. 

For this, the SWNT drug carrier was loaded with a fluorescent dye FITC by adsorption 

since FITC contains flat benzene ring that could efficiently adsorbed onto the surface of 

SWNT [113]. By incubation of SWNT-PS-b-PAA/FITC with MCF-7 breast cancer cells 

for 12 hrs, it was observed that FITC fluorescence was taken by the cells, suggesting that 

SWNT-PS-b-PAA could carry drugs inside of cancer cells (Fig. 5.3B). 
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5.4.4 Preparation of SWNT-polymer-PTX and characterization 

Since the chosen PS-b-PAA contains around 80 units of carboxyl groups, it was expected 

that multiple drug molecules could be grafted in the polymer. Several PTX: polymer 

molar ratios (20, 10 and 3) were tested in the drug conjugation reaction, however, GPC 

analysis showed that only 2 PTX molecules were grafted in each polymer even with high 

PTX:polymer molar ratio (Fig. 5.4A). The synthesis of PS-b-PAA-PTX was confirmed 

by NMR and UV spectra (Fig. 5.4B). The limited drug-grafting ratio might be due to 

steric hindrance and/or possible hydrogen bonding formed between grafted PTX 

molecules with the polymer, which prevented accessing of the internal carboxylic groups 

by drug molecules.  

 

The SWNT-polymer-PTX was prepared by functionalization of SWNT using PTX 

grafted polymer. Under TEM, the SWNT-PS-b-PAA-PTX showed similar morphology to 

SWNT-PS-b-PAA (data not shown), which suggested that grafting drug molecules to PS-

b-PAA did not affect its SWNT functionalization effect. Based on 18 polymers attached 

to per 10 nm SWNT, the amount of drug loaded on SWNT was estimated to be ~36 PTX 

per 10 nm SWNT (assuming that grafting of drug molecules to the polymer does not 

affect its polymer-coating ratio on SWNT). This drug-loading ratio is much higher than 

PTX conjugated to SWNT-PL-PEG in another study, in which its was obtain ~15 

molecules per 10 nm of SWNT [118]. The UV spectra of SWNT-PS-b-PAA-PTX 

showed a tremendous absorption before 250 nm, which could be due to the absorption of 

PS-b-PAA-PTX (Fig. 5.4 C).  The SWNT-PS-b-PAA-PTX displayed zeta potential of -15 

± 5 mV, which is lower compared with zeta potential of -24 ± 8 mV in SWNT-PS-b-

PAA. A decrease in surface negative charge could be due to neutralization of some of the 

negative charges in PAA by PTX conjugation. However, with the PTX-grafting ratio of 

2, considerable negative charge remained, and therefore, the stability of the SWNT-

polymer-drug did not be affected. Stability test confirmed that incubation of the SWNT-

polymer-PTX with cell culture medium for 48 hrs at 37 °C did not cause noticeable 

aggregation.  



 

P a g e  |            
 

85 

 

5.4.5 In vitro anti-tumour drug effect of SWNT-polymer-PTX 

The action of PTX is mediated through binding of the drug molecules to microtubules, 

which blocks progression of cell mitosis and induces cell cycle arrest in the G2/M phase 

[156]. Although PTX became inactive when it was conjugated to PS-b-PAA, we expected 

that active PTX could be released by degradation via lysosome enzymes following 

endocytosis of SWNT-polymer-drug in cancer cells. The antitumour effect of SWNT-

polymer-PTX was examined using MCF-7 breast cancer cells. The cells were treated 

with SWNT-polymer-PTX at ~0.1 μg/mL (equivalent of PTX concentration).  Clinical 

formulation Taxol (PTX dissolved in Cremophor EL) of the same concentration was used 

as a positive control. After 48 hrs, the cells were stained with cell permeable nucleus 

staining dye DAPI. Under microscopy, the formation of multinucleated cells due to 

mitotic pausing were dominant in both PTX and SWNT-polymer-PTX treated cells 

compared to untreated control (Fig. 5.5), confirming that PTX could be released from 

SWNT-polymer-PTX to exert effect inside of MCF-7 cells.   

 

5.5 Conclusion 

In this study, polymer-drug approach was applied for construction of SWNT-based PTX. 

PTX was grafted to amphiphilic polymer for SWNT functionalization to constitute 

SWNT-based drug. The chosen amphiphilic block polymer PS-b-PAA contains 

polyaromatic chain that could stick to SWNT sidewall via π-stacking so as to disperse 

SWNT in aqueous solution. The obtained SWNT-drug carrier was stable in water, PBS 

and serum containing cell culture medium, etc, therefore, is suitable for biomedical 

applications. TEM study revealed that the PS-b-PAA formed a thick polymer layer on the 

circumstance of the single-dispersed nanotubes. TGA also confirmed high coating ratio 

of PS-b-PAA on SWNT, which afforded high drug loading on SWNT. The chosen 

polymer contains multiple carboxylic groups that could be theoretically grafted with a 

large number of drug molecules, however, only two PTX molecules could be conjugated 

PS-b-PAA, which was possibly due to steric hindrance effect of PS-b-PAA.  However, 
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owing to the high polymer-coating ratio of SWNT-PS-b-PAA, the high drug loading on 

SWNT was still achieved even with low drug-polymer grafting ratio. Cell internalization 

study showed that the SWNT-drug carrier could penetrate MCF-7 breast cancer cells. In 

vitro study demonstrated that SWNT-polymer-PTX was functional and induced severe 

cellular damage in MCF-7 breast cancer cells. This study introduced a new scheme for 

construction of SWNT-based drug delivery system that afforded high drug loading 

capacity.  
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Figure 5.1 Construction of SWNT-polymer-PTX by polymer drug approach  
An amphiphilic block polymer, polystyrene-block-acrylic acid (PS-b-PAA), was chosen 
for both SWNT dispersion and drug linkage. Drug PTX is firstly conjugated to carboxyl 
groups of PS-b-PAA by esterification at C2′-hydroxl of PTX. Then, the polymer-drug 
conjugate is used for SWNT surface-functionalization. High polymer-coating ratio on 
SWNT could be achieved exploiting strong π-stacking between the PS and SWNT 
benzene rings. In addition, the PAA contains multiple carboxylic groups, so multiple 
drug molecules could be potentially linked to one polymer molecule, which could further 
increase drug loading amount on SWNT.  
 

  

         SWNT-polymer-drug hybrid 

Single-walled carbon nanotubes 
(SWNT) 

Polymer drug 
PS-b-PAA-PTX 

Polymer  
(PS-b-PAA) 

Sonication 

Esterification 
(DIPC,DMAP at RT) 

CH2 CH b CH2 CH

C
n m

O

PTX

CH2 CH b CH2 CH

COOH

n m

+ N

O

O

O

AcO
OH

O
H
OAc

H

O

O
O

OH
HO

Drug 
(Paclitaxel) 

Accessible -OH 

Mixing 

CH2C
H CH2C

H C
H2C

H
CH2

CH2
C
H

PTX
CH

PTX



 

P a g e  |            
 

88 

 
Figure 5.2 Characterization of SWNT-drug carriers by TEM, UV and TGA  
(a) UV-NIR spectra of SWNT-PS-b-PAA (b) TEM image of SWNT-PS-b-PAA  
(c) TGA of SWNT-PS-b-PAA 
The absorption of the SWNT-PS-PAA in water was characterized by UV-NIR 
spectrometry over the range from 190 nm to 850 nm. For TGA, the dispersed SWNT-PS-
b-PAA in water was dried by lyophilisation and the weight loss of SWNT-PS-b-PAA was 
measured up to 800 °C under nitrogen. For TEM, the sample was dried on a copper grid 
for imaging. 
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Figure 5.3 Toxicity and cell internalization of SWNT-drug carrier in vitro 

(a) Cytotoxicity of the SWNT-drug carriers. MCF-7 cells were treated with SWNT-drug 
at a concentration ranged from 10 to 50 μg/mL for up to 48 hrs. Cells treated with PBS 
were used as a control. Cell viability was measured by MTS assay assuming that cell 
viability in PBS treated cells as 100% (b-b ) Microscopic images of MCF-7 cells 
incubated with FITC labelled SWNT-drug carrier.  
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Figure 5.4 Characterization of SWNT-polymer-PTX by Gel Permeation 
Chromatography (GPC) and UV spectrometry 

(a) Determination of drug-grafting ratio by GPC (b) UV spectra of PTX, polymer and 
polymer-PTX (c) UV spectra of SWNT-polymer-PTX  
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Figure 5.5 Antitumour efficacy of SWNT-polymer-PTX in vitro 

Microscopy images of MCF-7 cells treated with (a-a ) PBS (b-b ) PTX and (c-c ) SWNT-
polymer-PTX  
 
MCF-7 cells were treated with SWNT-polymer-PTX at 0.1 μg/mL (equivalent of PTX 
concentration) for 48 hrs. Free drug PTX (dissolved in Cremophor EL) was used as a 
positive control. DAPI staining was applied to examine mitotic features of the cells. 
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Preface: This chapter introduces a new SWNT drug-loading method using lipid-drug 

approach. A proof-of-concept study was performed in breast cancer animal model using 

PTX as a model drug. The design strategies and advantages of the lipid-drug approach 

were fully described and discussed. The chemical synthesis of lipid-PTX and conjugation 

of tumour targeting molecule FA to SWNT-based drug carrier were confirmed by NMR 

and UV spectra. The SWNT-lipid-drug was characterized by Transmission Electron 

Microscopy (TEM), UV spectrometry and Thermogravimetric analysis (TGA). 

Intracellular drug delivery capacity and in vitro drug efficacy were evaluated using MCF-

7 breast cancer cells. Finally, in vivo evaluation of the targeted SWNT-lipid-PTX in 

breast cancer xenograft mice model was presented and discussed.  

 

Article published in Biomaterial (2013) 34 (38), 10109-10119  
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6.1 Abstract 

Carbon nanotube (CNT) possesses excellent properties as a drug carrier. To overcome the 

challenge of drug functionalization with CNT, we have developed a novel lipid-drug 

approach for efficient drug loading onto CNT, in which a long chain lipid molecule is 

conjugated to drug molecule so that the lipid-drug can be loaded directly onto CNT 

through binding of the lipid ‘tail’ in the drug molecule to CNT surfaces via Van de Waal 

force and hydrophobic interaction. In our proof-of-concept study, drug paclitaxel (PTX) 

was conjugated with a biocompatible lipid molecule docosanol for functionalization with 

CNT. Folic acid was also conjugated to CNT for targeted drug delivery. High level of 

drug loading capacity on SWNT was achieved by lipid-drug approach. Conjugation of 

FA to SWNT-lipid-PTX led to an increase in cell penetration capacity, and the targeted 

SWNT-lipid-PTX showed improved drug efficacy in vitro in comparison to free PTX and 

non-targeted SWNT-lipid-PTX at 48 hrs (78.5% vs. 31.6% and 59.1% in cytotoxicity 

respectively, p < 0.01). In vivo analysis using a human breast cancer xenograft mice 

model confirmed improved anti-tumour drug efficacy in vivo. The targeted SWNT-lipid-

PTX was found non-toxic at treatment dosage of 5mg/kg animal body weight as 

evaluated by biochemical analysis using blood samples, and by histological analysis of 

major organs.  
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6.2 Introduction 

Conventional chemotherapeutic drugs distribute throughout the body and often cause 

severe side effects. The advances in nanotechnology and nanomedicine enable the 

revolutionary solutions in the field of drug delivery. One of the major reasons for using 

nanoparticle in chemotherapy drug delivery is that the nanoparticles preferentially 

accumulate in tumours through the Enhanced Permeability and Retention (EPR) effect. 

Indeed, nanoparticle drugs have demonstrated higher intratumoural drug concentration 

than their parental small-molecule counterparts [36]. In addition, nanoparticles, 

containing high surface area-to-volume ratio, can be potentially engineered into 

multifunctional nanoparticles that carry tumour-targeting molecules, tissue permeation 

enhancers, two or more types of therapeutics for more efficient cancer therapy [161]. 

Carbon nanotube (CNT), a new type of synthetic nanomaterial, offers opportunities for 

chemotherapy drug delivery. Structurally, CNT can be viewed as a tube rolled from 

layers of graphene sheets. Depending on the number of graphene layers, CNT is 

classified as single-walled carbon nanotube (SWNT) or multi-walled carbon nanotube 

(MWNT). Due to the well-organized structure, CNT presents remarkable physical 

properties, including ultra-high surface area, high tensile strength [94, 107, 162], 

excellent optical [64], electrical and thermal properties [81, 163, 164]. Besides, CNT is 

found easily penetrate all sorts of cells, including hard-to-transfect types of cells [12]. 

CNT is widely explored for potential biological applications because of its size, unique 

shape, and structure, as well as its attractive optical properties. 

 

As a new type of nanomaterial, the toxicity of CNT has been intensively investigated in 

vitro and in vivo. It has been shown that appropriately functionalized CNT, e.g. 

polyethylene glycol (PEG) functionalized CNT does not cause noticeable toxicity to the 

treated animals [93]. Biodistribution of phospholipid-PEG (PL-PEG), functionalized 

SWNT showed that CNT is safe because it can be excreted via the biliary and renal 

pathways after intravenous injection [141, 165], With further conjugation of targeting 

ligands to SWNT, higher tumour accumulation could be achieved [91]. These results 

have paved the way for applications of CNT in cancer therapy. In recent years, SWNT 

has been applied in a variety of biomedical applications ranged from cancer drug 
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delivery, tumour imaging, detection and others [81]. Currently, the CNT-based siRNA 

formulation for cancer treatment is finalizing for moving into human trials [166]. 

 

Since CNT is pre-formed supramolecular nanotubes, the drug loading to this pre-formed 

structure is very challenging. SWNT can be filled with a large variety of compounds, 

including organic molecules [126, 127], and inorganic materials [128, 129]. 

Chemotherapeutic drugs are loaded into the interior of SWNT through a simple 

capillarity-induced filling. However, the loading amount is usually low [119]. 

Researchers have also investigated to load drugs on CNT sidewall, since they have found 

that pre-functionalized CNT still remains large uncoated surface area that allows for 

direct attachment some hydrophobic drugs that contain flat, benzene ring structures. One 

study has investigated the adsorption of doxorubicin on SWNT, in which, high loading 

amount was achieved (400% by weight) [113]. One advantage of this drug-loading 

method is that, when the drugs are loaded directly to CNT, the CNT-coating polymers are 

freed for conjugation of other functionalities, e.g. targeting molecules, antibodies, 

fluorescence molecule or other drugs for multifunctional delivery [113]. However, for 

drugs that have bulky structure, e.g. paclitaxel (PTX), the drug adsorption on nanotubes 

is not stable, so these bulky drugs are usually conjugated to CNT-dispersing polymers for 

delivery [167]. However, some limitations exist for the drug-polymer conjugation 

method. Firstly, the drug loading amounts on CNT were limited by the numbers of 

polymers that are attached CNT. In the case of PL-PEG functionalized CNT, PL-PEG 

only accounted for less than 10% of CNT surface, with which only ~3 PL-PEG was 

attached to each 10 nm of SWNT [113]. Secondly, when drugs occupied the CNT-

dispersing polymers, there was no space for linking targeting molecules [118]. It is 

imperative to develop a more effective approach for construction of a multifunctional 

CNT-based drug delivery system, which is the main aim of this study. 
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6.3 Materials and methods 

6.3.1 Reagents 

All the reagents used in experiments were purchase from Sigma Aldrich, Canada except 

otherwise indicated specifically. 

 

6.3.2 Chemical synthesis 

Synthesis of lipid-acid [2-(2-(docosyloxy)-2-oxoethoxy)acetic acid]: The synthesis 

reaction followed the method developed by Arsell et. al [157]. Briefly, lipid docosanol (1 

equiv) was dissolved in pyridine at room temperature, then diglycolic anhydride (3 equiv) 

was added. The reaction was carried out at room temperature with constant stirring for 

overnight. Then, the solvent was removed on a rotary evaporator. The residue was 

washed with 2N HCl, then extracted 3 times with dichloromethane. The combined 

extracts were dried over MgSO4, and then filtered to remove MgSO4. The filtrate was 

evaporated on a rotary evaporator. The product was dried under vacuum overnight.  

 

Synthesis of lipid-PTX [2’-O-(5’’-O-Docosanyldiglycoloyl) paclitaxel]: The synthesis 

reaction also followed the method developed by Arsell et. al [157]. PTX (1 equiv), lipid 

acid (2 equiv), and 4-N, N-dimethylaminopyridine (DMAP, 3 equiv) were dissolved in 

chloroform. Diisopropylcarbodiimide (DIPC, 1.3 equiv) was added to the above-

mentioned solution and the reaction was carried out at room temperature. The completion 

of the reaction was monitored by thin layer chromatography (TLC) using 

methanol/dichloromethane (1:10) as an eluent. After the reaction completed, 2N HCl was 

added to quench the reaction. The aqueous mixture was extracted 2 times with 

chloroform. The extracts were combined and then washed with saturated NaHCO3 

solution. The product was purified by silica gel column using methanol/methylene. The 

final product was dried by lyophilisation. The success of the conjugation of lipid-PTX 

was confirmed by proton NMR (400 MHz Varian Mercury) using DMSO-D as a solvent. 
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Synthesis of PL-PEG-folate: Folic acid (3.5 mM) and 5 mM 1-ethyl-3-(3-

dimethylamino-propyl) carbodiimide (EDC) were added to a solution of PL-PEG-NH2 

(2K Da, Avanti Lipid company, USA) at 0.35mM in 10 mM phosphate buffer at pH 7.5. 

The reaction was carried out at room temperature for 4 hrs with shaking. Then, the 

solution was dialyzed against phosphate buffer using a membrane cassette (molecular 

weight cut-off of 3k) for 3 days with frequent replacement of the buffer to remove excess 

folic acid and EDC.  

 

6.3.3 Formation of SWNT-lipid-PTX  

The procedure was adapted from the method reported by Liu, et al [81]. Lipid-PTX was 

dissolved in a water-miscible solvent, e.g. DMF or methanol. SWNT (HiPco, Unidym 

Inc, USA) was mixed with lipid-PTX in the solvent with brief. Then ten times of volume 

of PL-PEG water solution was added with sonication. The mixture was continually 

sonicated for 1 hr with cooling using icy water. SWNT bundles were removed by 

ultracentrifigation.  Solvent and excess PL-PEG in solution were removed by three times 

of washing with deionized (DI) water using centrifugation filtration units (Amicon, 100 

kDa) before use.  

 

6.3.4 Characterization of SWNT-lipid-PTX by UV-NIR spectroscopy and thermal 

gravimetric analysis (TGA) and transmission electron microscope (TEM)   

UV-NIR spectra of lipid-PTX, SWNT and SWNT-lipid-PTX were measured in 1 cm 

quartz cuvettes using UV-NIR spectrophotometer (Cary-100 bio, Varian Inc) over the 

range of 200 – 850 nm. The standard curve for quantification of lipid-PTX was obtained 

by plotting the absorbance at 278 nm against PTX concentration and subsequent linear 

regression analysis. TGA was performed using TGA Q500 (TA instruments Ltd, UK). 

Samples were loaded in the sample holder and the materials were heated up at a rate of 

10 °C/min up to 800 °C under nitrogen. The weight loss and derivative weight were 

recorded continuously. The size and shape of functionalized SWNT-lipid-PTX were 

examined by TEM (Philips169 CM200 200 kV). 5 μl of sample solution was deposited 
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on carbon-coated copper grid and allowed to dry for 10 mins. The excess liquid on grid 

was removed by touching the edge of the grid with filter paper.  

6.3.5 Labeling SWNT with fluorescence dye FITC and cell permeability assay 

Fluorescent SWNT were prepared by adsorbing FITC directly on sidewall of nanotubes. 

SWNT were firstly mixed with FITC in organic solvent DMF by brief sonication, and 10 

times of volume of PL-PEG solution was added with continuous sonication for 1 hr. The 

excess reagents were removed by dialysis using membrane cassette (100 kDa cut-off). 

For cell penetration assay, the cells were seeded in a 96-well plate at a density of 2 x 104 

cells/well in 200 µl medium at one night before the assay. The cells were incubated with 

FITC labeled SWNT for 12-24 hrs. The cells were washed and viewed under 

fluorescence microscope. The intracellular delivery efficiency of SWNT was quantified 

by manually counting the percentage of cells up-taking fluorescence dye under 

microscopy. 

 

6.3.6 Cytotoxic study 

MCF-7 breast cancer cells  (ATCC) were maintained in Dulbecco’s modified Eagle’s 

Medium (DMEM, Invitrogen, Canada) supplemented with 10% Fetal Bovine Serum 

(FBS, Invitrogen, Canada). The cells were cultured in a humidified incubator with 5% 

CO2 at 37 °C. Cytotoxicity of SWNT-lipid-drug was evaluated in MCF-7 breast cancer 

cells by MTS assay using the Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation 

MTS Assay kit (Promega). Briefly, triplicates of 1x104/well in 96-well plates were 

treated with different amounts of PTX formulations at 37°C at varied time period. The 

MTS assay was performed following the manufactory’s instruction. The 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) was reduced to form formazan by mitochondrial enzyme dehydrogenase in viable 

cells and the formazan concentration in the cell culture was measured at absorbance of 

490 nm using 1420-040 Victor3 Multilabel Counter (Perkin Elmer, USA). The amount of 

formazan is proportional to the number of viable cells. Cytotoxicity was calculated as the 

percentage of dead cells relative to that in the untreated control group.  
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6.3.7 Cell cycle analysis 

Cells were trypsinized and harvested by centrifugation at 200 g at 4 °C for 10 min. The 

cells were washed with ice-cold PBS and fixed in 75% ethanol in PBS at 4 °C for at least 

30 min. Prior to analysis, cells were washed again with PBS and resuspended and 

incubated in a solution containing 0.05 mg/mL propidium iodide, 1 mM EDTA, 0.1% 

Triton-X-100 and 1 mg/mL RNAse A. After 30 min of incubation, the stained cells were 

examined by flow cytometry. Cells were acquired on a Becton Dickinson FACSCalibur 

(BD Bioscience) and DNA histograms were analyzed using CellQuest Pro software (BD 

Bioscience). The percentage of cells in the different cell cycle phases was calculated 

using ModFit LT 3.3.11 cell cycle analysis software (Verity Software House).  

 

6.3.8 Animal studies 

Female athymic nude mice (5-6 weeks old) were purchased from Charles River 

Laboratories. All animal experiments were performed under a protocol approved by 

McGill University Animal Care Committee. MCF-7 cells were harvested from 

subconfluent cultures with trypsin and washed with PBS. 4 X106 MCF-7 cells were 

mixed with Matrigel (BD Bioscience) and subcutaneously injected into the back flanks of 

a mouse on one side. Estradiol was dissolved in ethanol and supplemented in the drinking 

water at 1 mg/l.  Drug treatment started in the mice when tumour volume reached at least 

100 mm3 (about one month after tumour cell inoculation). The mice were randomized 

according to their sizes. For the drug treatment, PTX was prepared by dissolving the drug 

in a vehicle solution (EtOH:cremophor, 50:50 v/v), and then diluted in physiologic saline. 

SWNT-lipid-PTX and FA-SWNT-lipid-PTX were diluted in physiologic saline. 100 to 

200 mL of different PTX formulations were i.v injected into the mice via the tail vein 

every 6 days for 4 times. The injected doses were normalized to 5 mg PTX per kg of 

mice. The mice body weight and tumour sizes were measured by a calliper twice a week. 

Tumour volume was calculated as width2 length. Relative tumour volume was 

calculated as V/V0 (V0 was the initial tumour volume).   
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6.3.9 Blood sampling and tests 

BALB/c mice were injected intravenously with either saline, SWNT only and SWNT-

lipid-PTX. Blood was collected at 0, 4 hrs post-injection from the lateral saphenous vein 

of the mice. At endpoint of the experiments (42 days post-injection), the blood was 

collected by cardiac puncture. The blood was sent to Diagnostic Laboratory, McGill 

Animal Resource Centre for hematologic test and white blood cell differential. 

 

6.3.10 Histology staining 

For histological and TUNEL staining of tumour tissues, samples were collected at two 

experiment endpoints. One time point was on day 3 after last drug injection and another 

one was at 42 days post drug injection. At endpoint of 42 days, mice liver, kidneys, 

spleen heart, lungs and tumours were collected and fixed in 4% formaldehyde in 

phosphate buffer, embedded in paraffin, cut to a nominal thickness of approximately 

5 μm and stained with haematoxylin and eosin (H&E). The tissue morphology was 

observed under a light microscope and the photomicrographs were taken by an AxioCam 

MRc (Carl Zeiss AG).  

 

6.3.11 Examination of apoptotic cells  

In H&E stain of tumour tissue, apoptotic cells were identified by cell shrinkage and 

condensed nuclei (darker). The apoptotic cells that are identified from H&E has been 

shown to be consistence with the apoptotic cells identified by the terminal 

deoxynucleotidyl transferase-mediated nick end labelling (TUNEL) methods [168, 169]. 

The number of tumour cells, apoptotic cells and non-apoptotic cells in 10 randomly 

selected fields at X400 were counted under microscope.  

 

6.3.12 Statistical analysis 

Statistical analysis was carried out using software SPSS software (Minitab Inc, State 

College, PA). Data were expressed as mean ± standard deviation (s.d). Statistical 
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significance was accepted at a level of p < 0.05. Equality of variances between groups 

was verified by Levene test. Differences between the groups were tested through analysis 

of variance (ANOVA), and Tukey’s post-hoc test was applied to compare the difference 

between the groups. 

 

6.4 Results and discussion 

6.4.1 Design strategy of the targeted SWNT-lipid-drug delivery formulation  

The raw CNT is highly hydrophobic, which causes difficulties for drug delivery 

applications. Previous studies have developed effective covalent and non-covalent CNT 

modification methods for dispersing CNT in aqueous solutions [69, 80, 170-173]. Among 

these approaches, the PL-PEG functionalized SWNT showed good dispersity in water 

and is stable in serum containing media. PL-PEG contains two long lipid chains, which 

lay f at on sp2-conjugated graphitic nanotube structure and form strong hydrophobic 

interaction with SWNT. Inspired by this SWNT-lipid chain interaction, we have designed 

a lipid-drug approach by modification of a drug using a long chain lipid, and it was 

hypothesized that the lipid portion of the lipid-drug could tightly associate with SWNT in 

the same manner as PL-PEG does. As illustrated in Fig. 6.1, the drug molecule, e.g. PTX, 

is conjugated to a long chain lipid via a cleavable chemical bond. The SWNT-drug could 

be made exploiting the lipid ‘tail’ to form SWNT-lipid-drug complex through 

hydrophobic interaction. The SWNT-based drug is made targeted delivery using a tumour 

targeting molecule folic acid (FA), which binds to folate receptors (FR) that are 

overexpressed in a variety of cancer cells, including breast, colon, renal and lung tumours 

[47]. Binding of FA to FR leads to enhance cellular internalization of nanoparticles. This 

new method overcomes the existing challenges in loading drug molecules onto CNT and 

broadens their use in multifunctional deliveries.  

 

6.4.2 Chemical synthesis of lipid-PTX conjugate and targeted polymer PL-PEG-FA 

Lipid 1-docosanol was used for synthesis of lipid-PTX as reported previously [157]. 1-

docosanol contains a 22-carbon lipid chain, which is similar to the lipid portion of the 
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polymer PL-PEG in structure, so, it could be compatible with PL-PEG for coating SWNT 

surface to form stable ternary structure. For chemical synthesis of the lipid-PTX, two 

steps were involved (1) forming a linker-lipid using a linker molecule diglycolic 

anhydride, (2) linking PTX to the linker-lipid by ester formation using 

diisopropylcarbodiimide (DIPC) in the presence of N, N-4-dimethylaminopyridine 

(DMAP) [157]. The final product was purified by chromatography and confirmed by 

NMR analysis (Fig. 6.2) and UV-NIR scan spectrometry (supplementary Fig. S6.1a). For 

synthesis of PL-PEG-FA, FA was conjugated to amino end group in PL-PEG-NH2 via 

amide bonding using EDC [103]. The success of the conjugation reactions was verified 

by scan UV-NIR spectrometry (supplementary Fig. S6.2).  

 

6.4.3 Formation of SWNT-lipid-drug and in vitro characterization 

To form SWNT-lipid-drug, the lipid-drug conjugate was mixed with SWNT in water-

miscible solvent firstly by brief sonication, then PL-PEG water solution was added to 

allow the formation of SWNT, lipid-drug and PL-PEG hybrids. To determine the 

optimized condition for loading of the lipid-drug, different lipid-drug/PL-PEG ratios 

were examined so as to achieve maximum drug loading and at the same time to maintain 

dispersibility of SWNT-drug. Lipid-drug/PL-PEG molar ratios ranged from 0.1 to 1 were 

tested. It was observed that, with molar ratios of smaller than 0.5, SWNT dispersibility 

did not affected; however, with the molar ratios of larger than 0.5, SWNT dispersibility 

dropped from ~ 40 μg/mL to < 10 μg/ml, which suggested that the addition of too much 

lipid-drug could disturb PL-PEG coating effect on SWNT, and thus affected the 

formation the SWNT-based drugs. So, in the following experiments, SWNT-lipid-PTX 

was prepared and characterized using lipid-drug/PL-PEG molar ratio of 0.5. The SWNT-

lipid-PTX was found stable in PBS (PH 7.4) and serum containing solutions. No 

precipitation was observed in SWNT-lipid-PTX dispersed in water after storage at 4°C 

for three months. TEM image confirmed the single-dispersed nanotubes in SWNT-lipid-

PTX in water (Fig. 6.3a).  
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The attachment of lipid-PTX and PL-PEG to SWNT was examined by Thermo 

Gravimetric Analysis (TGA). TGA provides thermal degradation profile of materials, and 

its derivative weight loss curve could differentiate the types of materials in the hybrids. 

Our result in TGA indicated that PL-PEG coated SWNT displayed one peak (at 380 °C), 

whereas, lipid-drug loaded SWNT showed two peaks (at 360 °C and 380 °C) in 

derivative weight loss curve (Fig. 6.3b). Since SWNT does not decompose within 800 

under nitrogen condition, the two peaks presented in the lipid-drug loaded SWNT sample 

corresponded to two types of materials: the lipid-drug (360°C) and the PL-PEG (380°C), 

confirming that the lipid-drug was loaded on the SWNT. The formation of SWNT-lipid-

PTX complex was further confirmed by UV-NIR spectrometry, in which the presence of 

lipid-PTX was evidenced by its characteristic peak at 278 nm on top of SWNT absorption 

spectrum (supplementary Fig. S6.1b). Based on UV-NIR absorbance of lipid-PTX and 

SWNT, the loading factor of lipid-PTX on SWNT was estimated in the range from 600-

1000 (defined as lipid-PTX to SWNT molar ratio). By assuming SWNT having an 

average size of 200 nm in length and 1.5 nm in diameter, the percentage of lipid-PTX 

coverage on SWNT surface was 57-94% v/v (supplementary Fig. S6.2). The result 

suggested that high coverage lipid-drug on SWNT could be achieved by lipid-drug 

approach.  

 

6.4.4 In vitro evaluation of SWNT-lipid-drug 

As a new type of nanomaterial, the toxicity of CNT has been widely investigated. 

Previous results have showed that the toxicity of CNT is relevant to multiple factors, 

including size and length of the nanotubes [174], degree of impurities [68], and 

dispersion status [175] etc. Raw CNT has shown obvious toxicity in vitro and in vivo. In 

contrast, PL-PEG functionalized SWNT showed low toxicity because surface 

functionalization prevented aggregation of SWNT in aqueous solutions [93]. In view of 

the result, we chose to use PL-PEG functionalized SWNT as a drug loading platform in 

this study. We further examined the biocompatibility of SWNT-lipid-drug carrier 

(SWNT/lipid) using MCF-7 cells. The results showed that incubation of SWNT/lipid at 
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concentration of 10 μg/mL for up to 48 hrs did not cause any obvious toxicity compared 

with untreated control (Fig. 6.4a).  

 

Then, we examined cell penetration capacity of SWNT-based drug carrier. FITC labeled 

SWNT and FA-SWNT were incubated with FR+ MCF-7 breast cancer cells for 24 hrs. 

The result showed that SWNT could carry FITC into cells and the percentage of FITC 

positive cells was 80 ± 2% (mean ± s.d, n= 5). With conjugation of FA to SWNT, the 

percentage of FITC positive cells increased to 95 ± 3% (mean ± s.d, n= 5). It was also 

noticed that, within a single cell, fluorescence intensity was significantly higher in cells 

treated with FA-conjugated SWNT than those without FA. The enhanced cell 

permeability was presumably due to cell surface receptor mediated cellular 

internalization (supplementary Fig. S6.4).   

 

In next step, we examined therapeutic potential of the SWNT-lipid-PTX and the targeted 

SWNT-lipid-PTX using MCF-7 cells. Clinical formulation Taxol (PTX dissolved in 

Cremophor EL) was used as a positive control. We observed a time-related cell inhibition 

(Fig. 6.4b). The cytotoxicity in MCF-7 cells showed 25.1 ± 3.0%, 32.3 ± 4.3% and 44.1 ± 

6.2% (mean ± s.d, n= 3) with 24 hrs incubation and 31.6 ± 2.9%, 59.1 ± 5.1% and 78.5 ± 

2.1% (mean ± s.d, n= 3) with 48 hrs incubation for free PTX, SWNT-lipid-PTX and 

targeted SWNT-lipid-PTX respectively. At both time points, the two SWNT-lipid-PTX 

formulations were more effective than free PTX, and the targeted SWNT-lipid-PTX was 

more effective than non-targeted one. The improvement in drug efficacy could be 

attributed to higher degree of cellular penetration of the targeted SWNT-lipid-drug due to 

specific binding of FA to FR on cancer cell surface.  

 

To determine the molecular mechanism of the cell death induced by SWNT-lipid-PTX, a 

cell cycle analysis was performed using flow cytometry with propidium iodide (PI) 

staining of DNA content in MCF-7 cells. It is known that cancer cell inhibition effect of 

PTX is mediated through binding of the drug molecule to the microtubules of cells so to 

prevent it from disassembly, which blocks the progression of cell mitosis and triggers 

initiation of cell cycle arrest in the G2/M phase [156]. Treatment of MCF-7 cells with 
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targeted SWNT-lipid-PTX cells induced substantial accumulation of 74% of arrest in 

G2/M phase compared with 0% in untreated control (Fig. 6.5). Treatment with PTX 

induced the same level of G2/M arrest, suggesting that SWNT-lipid-PTX induces cell 

death through the same mechanism as free PTX.  

 

6.4.5 In vivo drug efficacy  

In vivo drug efficacy of the targeted SWNT-lipid-PTX was evaluated using a breast 

cancer xenograft mice model. Compared with control group, both Taxol and the targeted 

SWNT-lipid-PTX showed tumour regression at different levels. Taxol showed evident 

tumour regression and obtained a relative volume of 1.35 ± 0.08 (v.s 1.49 ± 0.10 in 

control, p < 0.001) at post drug injection day 42. The targeted SWNT-lipid-PTX 

displayed evident tumour regression starting from day 7. At day 42, the targeted SWNT-

lipid-PTX obtained relative volume of 1.14 ± 0.05 (v.s control, p < 0.001). Compared 

with control group, both treatment groups displayed significantly higher percentage of 

tumour inhibition at day 42 (9.0% for PTX vs. 23.5% for targeted SWNT-lipid-PTX 

respectively p <0.001) (Fig. 6.6). To investigate the tumour suppression mechanism, we 

examined morphologic changes of the cells in tumour tissues and the level of apoptotic 

cells by H&E staining of tumour tissues. As we know, the morphologic changes of a cell 

undergoing apoptosis are distinguishable from other types of cells in H&E staining, such 

as nuclei condensation, membrane blebbing, etc [169, 176]. Our results showed that the 

treatment with the targeted SWNT-lipid-PTX led to a significantly increased level of 

apoptotic cells compared with PTX treatment. By counting the number of viable cells and 

apoptotic cells under microscope, we obtained the apoptotic cell fractions in tumour 

tissue were 1.3± 0.6%, 5.4 ± 2.4% and 20.7 ± 9.2% (mean ± s.d, n= 10) for saline, PTX 

and the targeted SWNT-lipid-PTX respectively, confirming that SWNT-based drugs 

exhibited more tumour inhibition effects by induce more apoptosis in tumour cells (Fig. 

6.7). The limitation of this method is that the quantitative measurement may lacks 

objectivity and reproducibility and fewer apoptotic cells are usually detected under low 

magnification (e.g. 400X ) [176].  
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6.4.6 In vivo toxicity study 

Hematology analysis and histological evaluation of major organs were applied to 

evaluate toxicity of the SWNT-lipid-drugs.  During the trial period, it was observed that 

SWNT-lipid-drug did not cause mortality with treatment dosage and no obvious adverse 

effects were noticed. No statistically significant differences in change of body weight 

were detected between test groups and control groups (Fig. 6.8a). Assessment of 

hematologic parameters, including hematocrit, hemoglobin, red blood cell count (RBC) 

and white blood cell count (WBC), also showed no difference between control and test 

groups (p <0.05, Fig. 6.8b).  Histological staining of major organs, including liver, heart, 

lung, and kidney, showed that no obvious tissue damage and no inflammatory cell 

infiltration occurred in all the groups (data not shown), confirming that both SWNT and 

SWNT formulated drugs did not cause any obvious toxic effects to blood and major 

organs at the injected dosage.  

 

6.5 Conclusion 

In this study, a lipid drug approach was proposed for preparation of SWNT-drug as to 

load drug directly onto SWNT sidewalls at a high loading efficiency. Using this 

approach, a targeted SWNT-lipid-drug formulation for PTX was made. The formation of 

SWNT-based drug was successively confirmed and characterized by TEM, TGA and 

UV-Vis spectrometry. Both SWNT-lipid-drug and FA-SWNT-lipid-drug (targeting folate 

receptor on tumor cell surface) exhibited excellent stability. The targeted SWNT-drug 

showed target specificity in vitro. The efficacies of the SWNT-lipid-PTX and targeted 

SWNT-lipid-PTX were examined in vitro using breast cancer cell lines. Both SWNT-

lipid-PTX and targeted SWNT-lipid-PTX inhibited growth of breast cancer cells in vitro 

and had a significant improvement over free drug PTX. In vivo, the targeted SWNT-
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lipid-PTX demonstrated significant tumor growth inhibition in a human breast tumor 

xenograft mouse model. The lipid-drug scheme can be applied to CNT-based delivery for 

other types of chemotherapy drugs by designing alternative chemical synthesis methods 

for cleavable drug-lipid linkages. The significance of the proposed lipid-drug approach 

also lies in that, when the drugs are loaded on SWNT sidewalls, the CNT-coating 

polymers can be free for conjugation of other molecules affording multi-functional drug 

delivery, e.g. conjugation of tumor-targeting molecules for targeted delivery, or 

conjugation of another type of drug molecule, siRNA, or antibodies for combination 

therapies. 
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Figure 6.1 Design strategy of a novel targeted SWNT-lipid-drug delivery system  
The drug molecule, e.g. paclitaxel (PTX), was conjugated to a long chain lipid via a 
reversible ester bond. The SWNT-lipid-drug was made by exploiting the lipid tail  in 
the drug to form lipid-drug/SWNT complex through strong hydrophobic interactions. The 
formulation was made multifunctional delivery using a tumor targeting molecule folic 
acid (FA) that was conjugated to the end of the PL-PEG exploiting an amide bond formed 
between amine group of PL-PEG and carboxyl group of FA. This formulation could 
overcome the existing challenges of CNT in drug deliveries and broadened their use for 
multifunctional deliveries. The Use of lipid molecule is unique and advantageous as it 
allows delivery of a range of drugs in multifunctional delivery applications. 
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Figure 6.2 Examination of lipid-paclitaxel (PTX) synthesis by NMR  
The reaction was carried out in chloroform in the presence of diisopropylcarbodiimide 
and N,N-4-dimethylaminopyridine. TLC was used to monitor the completion of the 
reaction. After reaction completed, the excess reagents, drug and solvent were removed 
by chromatography column. The conjugation product was verified by NMR. 1H chemical 
shifts were reported relative to tetramethylsilane (TMS). The chemical shifts at  8.5
7.0 were derived from aromatic protons in PTX moiety; the doublet peaks at  6.9 were 
derived from NH group of PTX moiety; the chemical shifts at  4.2 4.0 were derived 
from CH2OCH2 group in docosanol moiety; the chemical shift at  1.2 were derived 
from the CH2C16H32CH2 group in docosanol moiety. 
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Figure 6.3 Characterization of SWNT-lipid-drug.  
(a) Transmission electron microscopy (TEM) image of SWNT-lipid-PTX. Scale bar 
represents 20 nm. TEM showed single-dispersed lipid-PTX loaded nanotubes in water 
solution. (b) Evaluation of lipid-drug loading on SWNT by Thermogravimetric Analysis 
(TGA). SWNT were functionalized with PL-PEG only or with lipid-drug/PL-PEG. 
Samples were purified by filtration and then air-dried. TGA were performed from 25 to 
800 C under nitrogen. Weight change (blue curve) and derivative weight (red curve) 
with temperature were recorded. TGA displayed extra peak at 320 C in derivative 
weight of SWNT-lipid-drug compared with SWNT-PL-PEG (marked by red arrow), 
confirming that lipid-drug was loaded on SWNT along with polymer PL-PEG.  
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Figure 6.4 Investigation of In vitro drug effects of SWNT-lipid-PTX 
(a) Cytotoxicity of SWNT-based drug carriers. MCF-7 cells were treated with SWNT or 
SWNT based lipid-drug carrier (SWNT/lipid) at 10 μg/ml for up to 48 h. Cells treated 
with vehicle PBS were used as a control. Cell viability was measured by MTS assay 
assuming that cell viability in PBS treated cells as 100%. (b) In vitrocancer cell inhibition 
of SWNT-lipid-PTX. MCF-7 cells were treated with PTX, SWNT-lipid-PTX or targeted 
SWNT-lipid-PTX at 20 nm for 24–48 h. Cell viability was evaluated by MTS assay. The 
data were presented in degree of cytotoxicity (%) assuming that cytotoxicity in untreated 
control as zero. The result showed that cytotoxicity was 25%, 32% and 44% for 24 h 
incubation and 32%, 59% and 78% at 48 h incubation for Taxol, SWNT-lipid-PTX and 
targeted SWNT-lipid-PTX respectively. At both time points, the SWNT-based PTX 
formulations were more effective than clinical formulation Taxol. More importantly, the 
targeted SWNT-lipid-PTX showed stronger cancer cell inhibition than SWNT-lipid-
PTX. n = 3. 
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Figure 6.5 Cell cycle analysis of MCF-7 cells treated with targeted SWNT-lipid-PTX  
Cells were treated with 20 nm Taxol and targeted SWNT-lipid-PTX respectively for 48 h. 
Cell cycle was analyzed by flow cytometry using PI staining of DNA contents. The 
percentage of cells in the different cell cycle phases was estimated using ModFit LT 
3.3.11 cell cycle analysis software. Both PTX formulations induced similar level of cell 
cycle G1 arrest in MCF-7 cells (4.47% for Taxol and 3.07% for SWNT-lipid-PTX vs. 
33.49% in untreated control). 
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Figure 6.6 Tumour growth inhibition of targeted SWNT-lipid-PTX in MCF-7 
xenograft breast cancer mice model  

(a) Growth curve of tumors in MCF-7 tumor-bearing mice. Female athymic mice bearing 
s.c. inoculated MCF-7 tumors were injected with saline (n = 8), Taxol (n = 7), targeted 
SWNT-lipid-PTX (n = 8) at dosage of 5 mg/kg on day 0, 6, 12, 18. At post drug injection 
day 42, the relative tumor volume (V/V0) were 1.49  0.10, 1.35  0.08 and 
1.14  0.05 for saline, Taxol and targeted SWNT-lipid-PTX respectively. The targeted 
SWNT-lipid-PTX showed significantly decreased tumor volume compared to both saline 
group and Taxol treated groups (*p < 0.05) (b) Photos of representative tumor-bearing 
mice from control and treatment groups at experimental end point. Tumors were 
indicated within black squares. 
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Figure 6.7 Morphologic changes and level of apoptosis in tumour tissues examined 
by H&E staining  

Representative microscopic images of H&E staining of mice tumor tissues in (a) saline 
(b) Taxol and (c) targeted SWNT-lipid-PTX treatment groups. Mice tumors were excised 
on day 3 after last drug injection. H&E staining was performed to examine morphologic 
changes and the level of apoptosis in tumors. Apoptosis cells (indicated in black arrows) 
displayed characteristics of nuclei condensation, membrane blebbing, etc. (d) apoptotic 
cell fraction. Viable and apoptotic cells in H&E staining were counted under microscope 
field at 400  magnification. Apoptotic cell fraction was calculated. The tumors in saline 
group showed 1.3  0.6% apoptosis. Taxol significantly increased apoptosis fraction to 
5.4  2.4% (p < 0.05). The targeted SWNT-lipid-PTX further increased the apoptotic 
fraction to 20.7  9.2% (p < 0.05). 
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Figure 6.8 In vivo toxicity of SWNT-lipid-drug  
(a) Toxicity examined by body weight. Female athymic mice were injected with saline 
(n = 8), SWNT drug carrier (n = 3) and Taxol (n = 7) and targeted SWNT-lipid-PTX 
(n = 8). The body weight of mice was monitored during the study period of 42 days. No 
significant differences in body weight were detected between test groups and control 
groups (p < 0.001) (b) Toxicity examined by hemotologic analysis. Blood was collected 
by cardiac puncture at experimental end point (post drug injection day 42). Hematologic 
parameters, including hematocrit, white blood cell count (WBC), red blood cell count 
(RBC) and hemoglobin were analyzed. The result showed no significant differences 
detected between test groups and control group (p < 0.05). 
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Figure S6.1 UV spectra of PL-PEG functionalized SWNT (SWNT-PL-PEG) and 
lipid-PTX loaded of SWNT-PL-PEG 

(a) Characteristic peaks of lipid-PTX (red curve), lipid docosanal (blue curve) and PTX 
(green curve). Lipid-PTX showed characteristic absorbance peaks at 245 nm and 278 nm, 
which corresponded to lipid docosanol-COOH and PTX respectively, but with a slight 
shift due to the covalent bonding in between (red curve). (b) UV-NIR spectra of SWNT-
PL-PEG before (blue curve) and after loading of lipid-PTX (green curve). The spectrum 
of lipid-PTX was obtained by subtracting the SWNT-PL-PEG spectrum from the lipid-
drug loaded SWNT-PL-PEG spectrum (red curve). The absorbance peak of lipid-PTX at 
245 nm was distorted, but the absorbance peak at 278 nm was maintained (indicated with 
a close arrow). The loading amount of lipid-PTX on SWNT-PL-PEG was calculated 
based on absorbance at 278 nm. 
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Figure S6.2 Estimation of lipid-PTX coverage on SWNT  
(a) Estimation of the surface area of SWNT (b) estimation of the size of lipid chain of 
lipid-PTX. The total surface area for one SWNT nanotube was 942 nm2 by assuming the 
average size of SWNT being 200 nm in length and 1.5 nm in diameter. The size of the 
lipid chain of lipid-PTX was estimated by Chem 3D software as 0.89 nm2. Based on the 
result for number of lipid-PTX molecules attached to one SWNT molecule (ranged from 
600 to 1000), the coverage of lipid-PTX on SWNT was calculated as 57  94% v/v.   
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Figure S6.3 Chemical synthesis of targeted lipid-polymer PL-PEG-FA 

(a) Scheme of chemical synthesis of PL-PEG-FA (b) examination of synthesis of PL-
PEG-FA by UV-NIR scan Spectrometry. Targeting ligand folic acid (FA) was conjugated 
to amino end group in PL-PEG-NH2 via amide bonding using EDC. After conjugation, 
the product was dialyzed to remove excess FA. FA presented a peak at 255 nm (indicated 
with a close arrow), whereas PL-PEG presented no peak at this position. After 
conjugation of FA to PL-PEG, a peak appeared at 255 nm (indicated with a open arrow) 
confirming the success of the conjugation. 
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Figure S6.4 Intracellular drug delivery efficiency of SWNT drug carrier examined 
by cell internalization assay 
MCF-7 cells incubated with 5 μg/mL of fluorescent dye FITC labelled SWNT or targeted 
SWNT (FA-SWNT), respectively. After 24 hrs of incubation, the cells were washed and 
observed under fluorescence microscope. The intracellular drug delivery efficiency was 
evaluated by counting the percentage of the cells uptaking the fluorescent dye. The 
percentages were 80 ± 2, % and 95 ± 2.5% (mean ± s.d, n = 5) for SWNT and targeted 
SWNT respectively. Moreover, by comparing the fluorescence intensity of a single cell, 
the cells treated with targeted SWNT were much brighter.   
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CHAPTER 7 GENERAL DISCUSSION 
 
Chemotherapy is widely used as an adjuvant therapy for breast cancer. Widespread use of 

chemotherapy therapy in breast cancer has led to an improvement in survival. However, 

chemotherapy drugs are limited by their nonspecificity to cancer cells, as they target 

common cellular functions, such as DNA synthesis, mitosis and others, as summarized in 

table 2.1. Thus, these drugs cause damages in both cancer cells and normal cells that 

undergo rapid division. Conventional chemotherapy drugs distribute throughout the body; 

therefore, cause severe side effects. For example, drug PTX exhibits many side effects 

such as leucocytopenias, alopecia, and diarrhea and peripheral neuropathies, etc [148]. In 

addition to systematic side effects of PTX, the use of Cremophor EL for delivery due to 

the poor water-solubility of PTX causes hypersensitivity reactions [3, 4]. Nanoparticle 

formulations have been developed to replace the toxic delivery vehicle and to reduce the 

off-target toxicity. To date, a dozen of nanoparticle formulations for chemotherapy drugs 

have been approved for market, such as HSA nanoparticle formulated PTX (Abraxane®), 

liposomal DOX nanoparticles, and others [8]. It is evident that the nanoparticle 

therapeutics becomes an emerging modality for cancer.   

 

CNT, a new type of synthetic nanomaterial, offers opportunities for chemotherapy drug 

delivery. CNT is superior to other types of nanoparticles in that the functionalized CNT is 

able to evade the endosomal compartment and translocate directly into the cytoplasm of 

different types of cells [12], which is useful for intracellular delivery of therapeutically 

active molecules. Large surface area of CNT allows loading large amounts of 

therapeutics, including a variety of small molecule drugs [177], siRNA [106], contrast 

agents [129], targeting or therapeutic  antibodies [104], peptides [177] and proteins [178] 

to be loaded. In addition, the intrinsic optical and thermal properties CNT allow the 

development of CNT-based multifunctional drug carriers for simultaneous detection, 

diagnosis and treatment [60, 97, 102, 103, 141].  

 

The initial hurdle of biomedical applications of CNT has been its hydrophobicity. It is 

critical to prepare well-dispersed CNT in aqueous solutions prior to the biomedical 

applications. Importantly, the functionalized CNT should sustain in physiologic 
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conditions, so as to prevent CNT agglomeration in vivo. Noncovalent functionalization of 

CNT with biocompatible polymers is an effective way to prepare well-dispersed CNT, 

and to improve their accessibility for further biomedical applications, as discussed in 

literature review (section 2.5.1). For the aimed drug delivery applications, we have firstly 

evaluated non-covalent functionalization of SWNT using various biocompatible 

polymers. Of the polymer tested, three types of polymers were able to well disperse 

SWNT in aqueous solutions, namely, PL-PEG, PS-b-PAA and CHI. As present in chapter 

3, the three types of polymer-functionalized SWNT were compared in terms of 

dispersibility and stability, etc. We found that CHI displayed higher SWNT-dispersing 

capacity than PL-PEG-NH2 and PS-b-PAA. However, in high concentration, the SWNT-

CHI was less stable than the other two SWNT-polymers in salt containing solutions. All 

the three SWNT-polymers were able to penetrate cancer cells. Taking together, these 

SWNT-polymers, especially SWNT-PL-PEG and SWNT-PS-b-PAA, possess good 

biocompatibility, stability and excellent intracellular drug delivery capacity, and 

therefore, they are suitable for drug delivery applications.  

 

On the other hand, although CNT contains large surface area for potential loading large 

amounts of drugs, the planar honeycomb lattice of sp2 hybridized carbon atoms with no 

functional group present on CNT surface renders difficulty of loading drugs to this pre-

formed CNT macromolecular structure, Currently, various methods have been developed 

for loading chemotherapy drugs to CNT. These methods include filling drugs inside of 

nanotubes, adsorption of drugs on CNT sidewall or covalent conjugation of drug 

molecules to CNT or CNT-dispersing polymers, as listed and discussed in table 2.4. 

Among all these methods, adsorption method offers high drug-loading capacity since the 

polymer-coated CNT still exists large uncoated surface area that could be used for 

adsorption of aromatic molecules [113]. Previous studies have shown that large amounts 

of DOX were loaded to SWNT for delivery by this method [113, 120, 177, 179-181]. 

However, this method is only suitable for drugs containing flat aromatic rings. For the 

drugs with bulky structure, e.g. PTX, no effective CNT-drug loading method is available.  

This study, in part, aimed to develop a more effective CNT-based delivery system for 

PTX.  
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In this thesis, three new schemes (denoted as SWNT-HSA-PTX and SWNT-polymer-

PTX, SWNT-lipid-PTX respectively) have been designed for CNT-based delivery of 

PTX for treatment of breast cancer. Their advantages and limitations are discussed below. 

 

In SWNT-HSA-PTX scheme, HSA was used as media for PTX loading utilizing its high 

binding affinity to PTX [7]. In addition, being an abundant protein present in blood, HSA 

coating could prevent elimination of SWNT-drug by immune system. Previously, HSA 

nanoparticle has been used for formulating with PTX (Abraxane®) and its clinical 

application has shown reduce the side effects [150]. However, pharmacokinetic studies 

showed that the clinical benefit from Abraxane might not due to the expected 

nanoparticle functioning, such as, improved pharmacokinetics and tumour targeting, etc.  

[5, 149, 150]. The SWNT-HSA-PTX scheme combines the HSA nanoparticle PTX with 

intracellular drug carrier SWNT. We have shown intracellular drug delivery capacity of 

the SWNT-HSA-drug carrer. In vitro study has shown better drug efficacy of SWNT-

HSA-PTX than the PTX formulated with cross-linked HSA nanoparticle alone as tested 

in MCF-7 breast cancer cells. It was expected that SWNT-HSA-PTX could gain more 

benefits in terms of tumour-targeting by EPR effect and intracellular drug delivery than 

the clinical HSA nanoparticle PTX  formulation. However, further in vivo study is 

required to investigate full potential of this scheme. 

 

In the scheme of SWNT-polymer-PTX, polymer-drug approach was applied for 

construction of SWNT-based PTX. Polymer-drug approach is to covalently conjugate 

drugs to polymers via reversible linkers. This approach was first proposed in by 

Ringsdorf in the mid-1970 [52], further developed pre-clinically in the 1980s [182] and 

entered clinical pipeline in the 1990s [53]. Several polymer-PTX conjugates have been 

developed, such as PG-PTX, HMPA-PTX and others [53]. These Polymer-PTX 

conjugates were originally developed for removal of toxic delivery vehicle of PTX, 

Cremophor EL.  Interestedly, the polymer-PTX conjugates have shown improved the 

plasma pharmacokinetics and tumour accumulation in experimental animal models [183]. 

PTX contains a reactive –OH group that can be linked to –COOH containing polymers 
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via ester bond. However, the polymer-conjugated PTX is inactive and the release of 

active PTX from the drug-carrying polymers is required [53]. The drug activation is 

through cleavage of the polymer-PTX by enzyme carboxylesterase [184], which is 

present in both cytosol and endoplasmic reticulum [184] of many types of cells including 

human tumours [185, 186]. Most polymer-PTX prodrugs are not cell permeable [53], 

which could limit their drug efficacy. Additional strategies that enable cell internalization 

of the polymer-PTX conjugates could allow exposure of the prodrugs to the activation 

enzymes, and therefore, could further enhance their antitumour drug effects. The SWNT-

polymer-PTX scheme combines intracellular drug carrier SWNT with the polymer-PTX 

conjugates, which could allow intracellular delivery of the polymer-drug conjugates. We 

have also shown that the SWNT-polymer-PTX was functional in vitro using breast cancer 

cells, suggesting that the active PTX were released by enzymes present in breast cancer 

cells.  

 

In SWNT-lipid-PTX scheme, PTX was modified by adding a “lipid tail” (a long chain 

lipid) via covalent conjugation. Such a drug modification was previously developed by 

Ansell et al in order to incorporate PTX better into micellar and lipophilic nanoparticles 

[157]. They have shown that the lipid-PTX was functional in vivo, and led to prolonged 

drug circulation half-life in experimental animal models. In our study, this lipid-drug was 

applied for facilitating drug loading to SWNT sidewall through its lipid-tail. Previously, 

PTX has been conjugated to SWNT dispersing polymer PL-PEG for delivery [167]. 

However this method is limited by drug-loading capacity because the coating ratio of PL-

PEG on SWNT was low (~3 PL-PEG per 10 nm of SWNT) [113]. In addition, 

conjugation of hydrophobic drugs to CNT-dispersing polymers led to decreased blood 

circulation time [167].  Moreover, when the distal end of the polymer was occupied by 

the drug molecule, there was no space for targeting molecules [118]. In contrast, the 

lipid-drug approach developed in our study allows full utilization of different partitions of 

the SWNT-based drug carrier: CNT sidewall and the end of CNT-dispersing polymers. 

With the lipid-drug loaded onto nanotube sidewalls, the polymer end could be used for 

linking tumour targeting molecules or other functionalities. The lipid-drug scheme could 
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also be used for CNT-based for delivery of other types chemotherapy drugs by choosing 

alternative chemical synthesis approaches, as suggested in section of Recommendations.  

 

As a new type of nanomaterial, CNT has demonstrated great promise in biomedical 

applications, especially in field of cancer therapy [91]. The studies in this thesis and from 

other research groups have shown tumour growth inhibition by CNT-based chemotherapy 

PTX [118, 187]. However, the lack of comparisons with clinical applied nanoparticles 

formulations, such as HSA-nanoparticle PTX (Abraxane ®) [188], or PG-PTX 

conjugates (CT-2103) [158] in the most studies limits the determination of the advantages 

of CNT over other existing technologies. Further work is needed to elucidate the true 

benefits of CNT over other types of well-established nanoparticle formulations.  

 

Lastly, compared with clinical applied nanomaterials, such as liposomes, HSA 

nanoparticles, or some emerging types of nanocarriers that are derived from natural 

biological materials, eg. virus-like particles (VLPs) [189], the non-biodegradable nature 

of CNT raises the concern of long-term toxicity of CNT. Therefore, it is needed to clarify 

the overall toxicity profile of CNT, especially in animal models with specific mechanism 

under consideration, particularly in comparison with known toxins and other nanoparticle 

types. 
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CHAPTER 8 SUMMARY OF OBSERVATIONS AND 
CLAIMED ORIGNAL CONTRIBUTIONS TO 

KNOWLEDGE 
 

8.1 Summary of observations 

8.1.1 Design and preparation of SWNT for use in biomedical applications 

The as-grown CNT is highly hydrophobic, which is the initial hurdle for the use of CNT 

in drug delivery. Non-covalent functionalization of CNT with certain polymers that 

contain amphiphilic properties is an effective way to disperse CNT in aqueous solutions. 

Three groups polymers, the lipid-polymers, amphiphilic block polymers, and polymers 

that display helical structure, e.g. polysaccharide or DNA, could attach to CNT via 

different manner of CNT-polymer interactions, such as Van de Waal force, π-stacking 

force, and hydrophobic interaction, etc. In our study, polymers PL-PEG, PS-b-PAA and 

CHI, are chosen from the above-mentioned three groups of polymers respectively for 

non-covalent functionalization of SWNT. We have shown that functionalization of 

SWNT with these polymers renders good SWNT dispersibility. All the three types of 

polymer-coated SWNT were stable in water, however, high concentration of SWNT-CHI 

(>100 μg/ml) could form aggregation in PBS and cell culture media, which might be 

related to different stabilization mechanism. The polymer-coating ratio in SWNT-PS-b-

PAA was much higher than those in SWNT-PL-PEG and SWNT-CHI. With different 

level of polymer-coating ratio, the functionalized SWNT might be suitable for different 

drug delivery applications. For example, For PL-PEG functionalized SWNT, because of 

comparatively low level of polymer-coating ratio, large uncoated surface area on SWNT 

still exists, the PL-PEG functionalized SWNT is suitable for loading drugs directly onto 

SWNT sidewalls for potential drug delivery applications; whereas, with high level of 

polymer-coating ratio in SWNT-PS-b-PAA, high drug loading capacity could be 

achieved by conjugation of the drug molecules to SWNT-coating polymers for delivery. 

In vitro evaluation using MCF-7 cells has showed that all the three types of polymer-

functionalized SWNT are able enter cancer cells in high efficiency.  
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8.1.2 HSA nanoparticle functionalized SWNT for intracellular delivery of PTX 

The SWNT-based drug carrier displayed high intracellular delivery efficiency 

(percentage of cell uptake > 80 %) in breast cancer MCF-7 cells, which suggested that the 

needle-like SWNT-HSA drug carrier was able to transport drugs across cell membrane 

despite its macromolecular structure. The PTX formulated with SWNT-HSA showed 

higher growth inhibition in MCF-7 breast cancer cells than the PTX formulated with 

HSA nanoparticle only (cell viability of 53% vs. 62% with 72 hrs of drug incubation). 

The increased drug efficacy could be driven by SWNT-mediated cell internalization. 

These data suggest that the developed SWNT-based PTX is functional. However, more 

studies for in vivo drug delivery efficacy and other properties are needed to examine the 

full potential of the SWNT-HSA-PTX. 

 

8.1.3 Polymer-drug approach for construction of SWNT-polymer-PTX 

Polymer-drug conjugates have been previously applied for delivery of PTX so as to 

improve biodistribution or to overcome hydrophobicity of PTX. In this study, PTX was 

grafted to an amphiphilic polymer PS-b-PAA in first step, and then used for SWNT 

functionalization. Characterization with TEM and TGA revealed the PS-b-PAA coating 

ratio on SWNT was ~18 polymer molecules per 10 nm SWNT, which is much higher 

than other types of polymers, e.g. PL-PEG (~3 PL-PEG molecules per 10 nm SWNT). It 

was found that two PTX molecules could be grafted in each PS-b-PAA molecule, with 

which, the PTX-loading ratio in SWNT-PS-b-PAA-PTX was estimated to be ~36 PTX 

molecules per 10 nm of SWNT. In vitro study using MCF-7 breast cancer cells 

demonstrated that SWNT-polymer-PTX could induce severe nuclear condensation – a 

typical drug effect of PTX, suggesting that the SWNT-polymer-PTX was functional upon 

its cellular entry.  

 

8.1.4 Novel lipid-drug approach for SWNT-based targeted delivery of PTX  

PTX was successfully conjugated to a long chain lipid docosanol for loading to SWNT. 

High level of drug loading capacity onto SWNT was achieved by the lipid-drug 
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approach. Further more, targeted SWNT-lipid-PTX was made by conjugation of a 

tumour-targeting molecule FA to the PL-PEG. Conjugation of FA to SWNT-lipid-PTX 

led to an increase in cell penetration capacity, and targeted SWNT-lipid-PTX showed 

much improved drug efficacy in vitro in comparison to Taxol (PTX dissolved in 

surfactant Cremophor EL) and non-targeted SWNT-lipid-PTX (78.5% vs. 31.6% and 

59.1 % respectively in cytotoxicity at 48 hrs, p < 0.01). In vivo study using a human 

breast cancer xenograft mice model showed an average relative volume (V/V0) of 1.49 ± 

0.10, 1.35 ± 0.08 and 1.14 ± 0.05 on day 42 for saline, PTX and targeted SWNT-lipid-

PTX groups respectively. Compared with control group, the treatment groups displayed 

significantly higher tumour inhibition at day 42 (9.0% for PTX vs. 23.5% for targeted 

SWNT-lipid-PTX respectively p <0.001) (Fig. 6.6). The in vivo drug efficacy was also 

confirmed by apoptotic cell fractions in tumour tissue (1.3± 0.6%, 5.4 ± 2.4% and 20.7± 

9.2% for saline, PTX and targeted SWNT-lipid-PTX respectively). Biochemical analysis 

using blood samples and histological analysis of major organs conformed that the 

SWNT-lipid-PTX did not show obvious toxicity in treated animals. 

 

8.2 Claims to original contributions 

8.2.1 Design and development of lipid-drug approach for construction of SWNT 

based, targeted PTX delivery system 

1. A novel lipid-drug approach has been proposed for construction of SWNT-based drug 

delivery system.  

 

2. An effective SWNT-lipid-PTX delivery system has been developed using lipid 

docosanol conjugated PTX. Its application has been demonstrated in vitro and in vivo. 

 

3. A targeted SWNT-lipid-PTX has been made by conjugation of FA to polymer PL-

PEG. Conjugation of FA to the SWNT-lipid-PTX has led to an increase in cell 

internalization capacity in vitro compared to the SWNT-lipid-PTX without FA. 
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4. The targeted SWNT-lipid-PTX has shown much improved drug efficacy in vitro in 

comparison to free drug PTX and the non-targeted SWNT-lipid-PTX (cytotoxicity of 

78.5% vs. 31.6% and 59.1% at 48 hrs respectively, n= 3). 

 

5. The targeted SWNT-lipid-PTX has shown significantly higher tumour inhibition in a 

breast cancer xenograft mice model (9.0% vs. 23.5% of tumour inhibition over untreated 

control for free PTX and targeted SWNT-lipid-PTX respectively, n= 8, p <0.001).   

 

6. The targeted SWNT-lipid-PTX did not cause obvious toxicity in major organs of the 

mice at treated concentration (5mg PTX/kg mice body weight).  

 

8.2.2 Design and development of a HSA nanoparticle-conjugated SWNT based drug 

delivery system for PTX  

7. A novel HSA nanoparticle-conjugated SWNT (SWNT-HSA-PTX) has been developed 

for delivery of PTX. 

 

8. The SWNT-HSA drug carrier has demonstrated good stability and excellent 

intracellular drug delivery capacity. 

 

9.  The PTX formulated with SWNT-HSA showed higher growth inhibition in MCF-7 

breast cancer cells than that with HSA nanoparticle only (cell viability of 53% vs. 62% 

with 72 hrs of drug incubation). The increased drug efficacy could be driven by SWNT-

mediated cell internalization. 

 

8.2.3 Design and development of polymer-drug approach for construction of SWNT 

based PTX delivery system 

10. The amphiphilic block polymer PS-b-PAA has shown much higher polymer-coating 

ratio on SWNT compared to PL-PEG functionalized SWNT (~18 molecules of PS-b-

PAA vs. ~3 molecules of PL-PEG per 10 nm of SWNT). The high polymer-coating ratio 
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is beneficial for drug loading scheme via conjugation of drug molecules to SWNT-

coating polymers for delivery. 

 

11. The PS-b-PAA functionalized SWNT has been shown to penetrate MCF-7 cancer 

cells, and therefore, the SWNT-PS-b-PAA is suitable as an intracellular drug carrier.  

 

12. Two PTX molecules could be grafted to PS-b-PAA using chosen chemical synthesis 

scheme.  

 

13. A new SWNT-polymer-PTX delivery system has been developed by 

functionalization of SWNT using drug-grafted amphiphilic block polymer PS-b-PAA.  

 

14. The SWNT-polymer-PTX has been shown functional in vitro and could induce severe 

cellular damage in MCF-7 cells.   
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CHAPTER 9 RECOMMENDATIONS 
 

The CNT study in this thesis as well as studies from others research groups have 

demonstrated great potential in the field of drug delivery for treatment of breast cancer 

and other drug delivery applications. However, further investigation is needed to be able 

to realize its full potential in clinical applications. This includes methods for CNT 

functionalization, toxicity study for absorption, metabolism and excretion of 

functionalized CNT, etc. In this section, I briefly summarize my recommendations with 

regards to future studies required to make this thesis observation cohesive, importantly, to 

extend the use of SWNT-drug schemes presented in this thesis to other drug delivery 

applications. 

 

9.1 Investigation of SWNT-drug biodistribution and pharmacokinetics in breast 

cancer animal models 

In general, nanoparticles are employed to provide protection and reduced renal clearance 

of small molecule drugs. By formulating with nanoparticles, longer drug circulation time 

is usually achieved, which would lead to enhanced bioavailability of delivered drugs in 

tumour sites. In the lipid-drug approach (presented in chapter 6), by applying both 

passive and active tumour-targeting strategies to the SWNT-based PTX delivery system, 

we have shown increased anti-tumour efficacy in a breast cancer animal model compared 

to free drug, however, the mechanism of enhanced therapeutic efficacy by this approach 

remains unrevealed. It is necessary to evaluate drug concentration in all major tissues 

following drug administration over a period of time until elimination phase. The 

pharmacokinetics and biodistribution of drug formulated SWNT would provide 

information to understand the mechanisms of targeting, drug release, degradation, as well 

as to predict side effects of SWNT-drugs.  
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9.2 Investigation of size effect of CNT on tumour penetrating and suppression 

efficacy 

One problem of using CNT in drug delivery relates to the irregularity in its size, since the 

diameter of CNT could vary from less than 1 nm to several nm and the length could span 

from 10 nm to μm. As we know, application of nanoparticles for cancer therapy employs the 

favorable size of the nanoparticles for leaking into tumour vasculature by EPR effect. As 

presented in this thesis, the in vivo study with H&E staining of tumour tissues has clearly 

demonstrated apoptotic cells inside of tumours treated by SWNT-drugs (Fig. 6.7), and the 

studies from other groups have also revealed that the SWNT-based drugs could penetrate 

blood vessels and enter tumour vasculature [118]. However, in vivo tumour inhibition effect 

achieved in these studies just represents the overall targeting efficacy of the CNT-drug 

carriers with a broad distribution of sizes. Furthermore, except tumour blood vessel wall, 

many other barriers present in tumour microenvironment, which include low interstitial 

pressure, low extracellular pH and central hypoxia region, etc [190]. These barriers prevent 

therapeutic agents from diffusing deeper into tumour tissues. The huge variation in the size of 

CNT could possibly counteract their effect in overcoming these barriers. Thus, it is important 

to examine the size, especially the length, effect of CNT on tumour-targeting efficacy. 

However, the available synthesis methods cannot produce homogeneous CNT by precise 

control of sizes. One solution to obtain homogeneous CNT is through separation technique. 

Currently, various separation methods have been investigated for sorting CNT by the size and 

length, which include size exclusion chromatography [191], capillary electrophoresis [192], 

and flow-flow fractionation [193] and others. In future study, it is worth exploring 

systematically size effect of CNT on efficacy of targeted drug delivery in cancer therapy.  

 

9.3 Further investigation of lipid-drug approach as a generalized method for CNT-

based delivery of other chemotherapy drugs 

The lipid-drug approach presented in this thesis is developed for targeted delivery of PTX 

(chapter 6). This approach could be applied for CNT-based delivery of other 

chemotherapy drugs, since, similar to PTX, most chemotherapy drugs are small 

molecules that contain reactive functional groups, such as -COOH, -NH2 or -OH, etc. By 

choosing alternative chemical synthesis schemes, different chemotherapy drugs can be 
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conjugated to long chain lipids to form lipid-drugs. For example, drug DOX comprises an 

-NH2 that can be conjugated to -COOH containing lipid via amidation reaction; drug 

MTX contains a reactive –COOH group that can be linked to a lipid alcohol via ester 

formation; drug 5-FU could be linked to a lipid alcohol through its intermediate acid 

derivative 5-FU-1-acetic acid, which is prepared from 5-FU and bromoacetic acid 

following a known method [194] (Fig. 9.1). Like lipid-PTX, the above-mentioned 

linkages between lipid and the drugs are cleavable, which ensure release of active drugs 

inside of cancer cells.  

 
Figure 9.1 Examples of chemical synthesis schemes of lipid-drug conjugates 
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9.4 Investigation of lipid-drug approach for CNT-based combination therapy for 

breast cancer  

Combination therapy is an effective way for treatment of breast cancer [195]. The use of 

chemotherapy drugs in combination with other breast cancer agents allows enhanced 

killing effect on cancer cells via different molecular pathways [196]. Several regimens of 

combination therapy for treatment of breast cancer have been well defined clinically [22]. 

For example, Trastuzumab, a monoclonal antibody against the extracellular domain of 

HER-2, has been shown to be active against HER-2-overexpressing metastatic breast 

cancer either as a single agent or used in combination with chemotherapy drugs. In 

preclinical models, Trastuzumab has shown additive and even synergistic anti-tumour 

activity with some active chemotherapeutic agents for treatment of breast cancer. 

Currently, Trastuzumab has been routinely combined with anthracycline, taxane and 5-

Fluorouracil (5-FU) for treatment of HER-2 positive breast cancer [22], and the results 

have shown increased response rate and survival when compared to chemotherapy alone 

[22]. If formulating these agents in the same drug carrier, it could possible overcome the 

differences in pharmacokinetics and biodistribution of combined therapeutics [197], thus 

further increases treatment efficacy. 

 

As illustrated in Fig. 9.2A, co-delivery of HER-2 antibody with one or more 

chemotherapy drugs could be realized in CNT-based delivery system using lipid-drug 

approach. For example, therapeutic HER-2 antibody Trastuzumab is conjugated to lipid-

polymer PL-PEG-NH2 for non-covalent functionalization of SWNT. By conjugation of 

different chemotherapy drugs, e.g. DOX, PTX, 5-FU etc., to the same type of long chain 

lipids respectively (Fig. 9.1and 9.2B), it is possible to load one or two types of lipid-

drugs in combination of HER-2 antibody in the same CNT carrier for combination 

therapy (Fig. 9.2C).  
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Figure 9.2 Schemes of carbon nanotube based HER-2 antibody therapy in 
combination of chemotherapy drugs for treatment of breast cancer 

 

In summary, CNT holds great potential in breast cancer therapy and other biomedical 

applications due to its excellent features. This includes cell penetration capacity, 

ultrahigh surface area for loading multiple therapeutics for multifunctional drug delivery, 

and the intrinsic optical properties for detection and imaging, as well as for hyperthermia 

cancer therapy. The SWNT-drug delivery strategies developed and proposed in this thesis 

would definitely contribute to our knowledge to this new type of drug carrier. However, 

only after the uncertainty on CNT toxicity is resolved, the CNT-based therapeutics can be 

possibly applied clinically.  
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