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ABSTRACT 
 

TARGETED DELIVERY OF CARBON NANOTUBES 

TO CANCER CELLS 

 

Pavitra Chakravarty, PhD 

 

The University of Texas at Arlington, 2010 

 

Supervising Professor:  Ellen S. Vitetta 

CD22 is broadly expressed on human B cell lymphomas. Monoclonal anti-CD22 

antibodies (MAbs) alone, or coupled to toxins, have been used to selectively target these 

tumors both in severe combined immunodeficient (SCID) mice with xenografted human 

lymphomas and in patients. Single-walled carbon nanotubes (CNTs) attached to 

antibodies or peptides represent another approach to targeting cancer cells. CNTs 

convert absorbed near-infrared (NIR) light into heat, which can thermally ablate cells in 

the vicinity of the CNTs.  

We have made MAb-CNT constructs where the MAb was either noncovalently or 

covalently coupled to CNTs, and investigated their ability to bind specifically to cells and 

to thermally ablate them after exposure to NIR light. The specific binding of these MAb-

CNT constructs to antigen-positive and antigen-negative cells was demonstrated in vitro 

by using CD22
+
CD25

-
 Daudi cells, CD22

-
CD25

+
 phytohemagglutinin (PHA)-activated 

normal human peripheral blood mononuclear cells (PBMCs) and CNTs coupled non-

covalently or covalently to either anti-CD22 or anti-CD25. We then demonstrated that the 

MAb-CNTs could bind to tumor cells expressing the relevant antigen but not to cells 
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lacking the antigen. Furthermore we showed that, following exposure to NIR light, the 

cells could be thermally ablated. We also determined the stability of the MAb-CNTs in 

conditions designed to mimic the in vivo environment, i.e. mouse serum at 37
o
C. 

We then use the intrinsic Raman signature of CNTs to study the circulation and 

tissue distribution of intravenously injected MAb-CNTs in a murine xenograft model of 

lymphoma in vivo over a period of 24 hrs.  We demonstrated that the MAb-CNTs have a 

short half-life in blood and that most of them are cleared by the reticuloendothelial system 

(RES). In the current embodiment, these constructs would therefore be of limited 

effectiveness in vivo  
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CHAPTER 1 

INTRODUCTION 

1.1 Cancer as a disease 

A total of 1,479,350 new cancer cases and 562,340 deaths from cancer were 

estimated to occur in the United States in 2009. Cancer death rates decreased in men by 

19.2% between 1990 and 2005 and in women, rates decreased by 11.4% between 1991 

and 2005 [1]. Although progress has been made in reducing the incidence and mortality 

rates and improving survival, cancer still kills more people than heart disease in persons 

younger than 85 years of age. Expenditures for oncology-related products today 

represent almost 10% of the $430 billion worldwide market for pharmaceuticals and the 

market is expected to exceed $60 billion[2]. It is important that further progress be 

accelerated in cancer prevention, early detection, diagnosis and treatment.     

1.1.1 Surgery 

Surgery is the oldest form of cancer treatment and is highly effective. It is 

sometimes used to reduce a tumor size (a procedure called debulking) so that radiation 

and chemotherapy can be more effective. It is also performed when the tumor has not 

spread to other areas of the body (curative surgery). It can also be used to remove a 

tumor that is causing pain or other symptoms and to restore comfort and quality of life 

without affording a cure (palliative surgery). Surgery is not highly effective once a cancer 

has metastasized. While surgery is an effective cancer treatment for many types of 

cancer, the location of the cancer and its growth pattern will determine whether it is the 

most effective approach. General risks include trauma, bleeding, infection and reactions 

to anesthesia [3]. 
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1.1.2 Radiation 

Radiation has been used for cancer treatment for decades and is available in 

several different forms[4]. Radiation is generally targeted locally, either to primary tumors 

or to large, well-defined metastases. While radiation is capable of eliminating some 

tumors on its own, it is used in combination with chemotherapy to shrink tumors prior to 

surgical resection or to provide palliation. However, the hypoxic nature of tumors can 

reduce the effectiveness of radiation therapy since it works best under oxygenated 

conditions. Radiation therapy is associated with both acute effects such as skin irritation 

and myeloablation, as well as chronic effects that occur months to years later, such as 

nerve injury, renal failure, fibrosis and an increased risk of developing other cancers [5]. 

1.1.3 Chemotherapy 

Chemotherapy or “chemical treatment” has been used since the days of the 

ancient Greeks. However, chemotherapy for the treatment of cancer began in the 1940s 

with the use of nitrogen mustard [6]. Cancer-related chemotherapy drugs and biological 

treatments comprise 48% and 15% of the total market of oncology-related products. The 

major classes of chemotherapeutic agents based on their chemical structures are 

deoxyribonucleic acid (DNA) alkylating agents, anti-metabolites, platinum compounds, 

topoisomerase interactive agents and anti-microtubule agents. Most chemotherapeutic 

drugs such as doxorubicin, vincristine, cyclophosphamide, topotecan and paclitaxel 

target rapidly growing cancer cells by interfering with DNA replication or cell division. 

However, because these agents affect all rapidly proliferating cells, they are associated 

with a variety of side effects such as fatigue, nausea, diarrhea, mouth sores, hair loss, 

anemia and sometimes, death [7]. It has also become apparent that human cancers of 

any given histological type have great genetic diversity and only a subset of patients are 

responsive to any new agent. Even among those that respond, human tumors can 

contain sub-clones that become drug-resistant. Because of resistance to single agents, 
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combination therapy is essential for tumor eradication and cure. Trials should combine 

targeted drugs and cytotoxics in a more effective manner [2]. 

1.1.4 Hypothermia 

Dr Temple Fay (1895-1963) [8] hypothesized that differences in location of 

cancer growths was due to temperature and found a decrease of 12–22 °F below the 

knees and elbows while common cancerous sites, were mostly located in areas with 

higher temperatures [9]. He found that local hypothermia applied to involved areas, 

controlled pain, retarded malignant cellular metabolism and was bacteriostatic and anti-

inflammatory [10]. It was found that in dogs treated with alkylating agents, there was 

hypoplasia in the bone marrow of the control animals while in the hypothermic animals, 

the levels were considered normoblastic [11]. Other treatments found the disappearance 

of tumors in hypothermic conditions [12-13]. In normal rat brains, it was found that 

hypothermia in combination with photodynamic therapy (PDT) reduced the damage to 

normal tissue relative to hyperthermia or normal conditions in combination with PDT. In 

vitro studies found that a combination of hyper-, hypothermic therapy (HIT) worked better 

than either treatment alone on cancer cells. Five cycles of HIT killed all colon cancer, 

human basal cell carcinoma and melanoma cells. In addition it was also found that HIT 

enhanced the susceptibility of the melanoma cells to a chemotherapeutic agent [14]. 

However, HIT has not always been effective in the treatment of cancer and it has been 

thought that competing physiological mechanisms of hypo- and hyperthermia might be 

the cause. If one considers the extremely complex processes involved in 

thermoregulation (heat transfer by conduction, convection, radiation and evaporation, 

metabolic rate, etc) [15] this is not surprising. Treatment in rats showed that manipulation 

of tumor physiology – using hypothermia to reduce tumoral interstitial fluid pressure (IFP), 

could reduce the efflux rate of a chemotherapeutic drug from the tumor, thereby 

increasing the mean residence time of the drug [16]. 
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1.1.5 Hyperthermia 

Hyperthermia is a therapeutic procedure used to raise the temperature of a 

region of the body affected by cancer. One of the means to accomplishing this was using 

the hot water suit developed by the National Cancer Institute (NCI) in 1970s-1980s [17]. 

A synergistic interaction between heat and radiation dose as well as various cytostatic 

treatments have been validated in preclinical studies [18-20].For the combination of 

radiotherapy and hyperthermia, the effect is greatest for simultaneous application. With 

chemotherapeutic drugs, several types of effects are seen with the interaction of heat 

with drugs such as, supra-additive (alkylating agents, platinum compounds), threshold 

behavior (doxorubicin) and independent or additive (fluorouracil, taxanes and vinca 

alkaloids). Hyperthermia can be induced locally, regionally, interstitially and on the whole 

body [21]. The concept of heat-induced tumor cell destruction should be viewed from the 

perspective of the critical temperature threshold of about 43
o
C [22]. Chromosomal protein 

inactivation and nuclear damage may be of minor importance when heat is the only 

therapy; however, it can contribute to the improved tumor control after combined therapy 

with hyperthermia and chemotherapy/radiotherapy [23-24]. Primary cytoplasmic 

destruction is observed where hyperthermic treatment stimulates increased lysosomal 

activity in the cytoplasm [25]. The second important heat-induced alteration is inhibition of 

respiratory metabolism without a similar depression of anaerobic glycolysis. This leads to 

a higher amount of lactic acid, and because solid tumors have a slow exchange between 

intracellular fluid and blood, the acidity will increase, intensifying the activity of lysosomal 

enzymes [26]. Also, massive hemorrhage, coagulative necrosis and rupture of blood 

vessels were evident and this became progressively severe in situ [27-28]. Also, some 

membrane lipids begin to melt at 43
o
C [29]. 
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1.1.6 Targeted therapy 

Targeted therapy is the use of special drugs and other substances to attack 

specific molecular features or pathways involved in the development of cancer. Unlike 

chemotherapy drugs, targeted therapies can often destroy cancer cells with less damage 

to surrounding healthy tissue [30]. Kinases have become one of the most intensively 

pursued classes of drug targets with 30 distinct kinase targets entering Phase I clinical 

trials. Deregulation of kinase function has been implicated in several disorders and hence 

there is a great deal of interest in the development of small molecule kinase inhibitors. 

Small molecule inhibitors or tyrosine kinase inhibitors (TKI) such as Imatinib Mesylate 

(Glivec™) that compete with adenosine triphosphate  (ATP) and inhibit kinase activity 

have been effective in the treatment of chronic myeloid leukemia (CML, kinase: 

breakpoint cluster region-V-abl Abelson murine leukemia (BCR-ABL)) and 

gastrointestinal stromal tumors (GIST, kinase: KIT).  In spite of a high degree of 

conservation in the ATP binding site, highly selective small molecules can be developed. 

Inhibition of kinase activity in normal cells can be tolerated, presenting a therapeutic 

window for the selective killing of tumor cells [31]. The epidermal growth factor receptor 

(EGFR) is also a rational target for small-molecule inhibitors such as gefitinib (Iressa™) 

and erlotinib (Tarceva™). Sorafenib (Nexavar) and sunitinib malate (Sutent™) are new 

dual-action kinase inhibitors [32] . 

MAb therapies have been approved for the treatment of lymphoma (anti-CD20 

Rituxan™), breast cancer (anti-human epidermal growth factor receptor 2 (ERBB2) 

Herceptin™), colon cancer (anti-EGFR Erbitux™, anti-vascular endothelial growth factor 

(VEGF) Avastin™), leukemia (anti-CD52 Campath™) to name a few [32] . Putative 

mechanisms of antibody-based therapy can be subcategorized into direct and indirect 

actions. The first mechanism includes blocking the binding of a ligand to its receptor 

(Avastin™ binding to VEGF [33]), targeting epitopes on the extracellular domain of cell-
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surface receptors such as EGFR and interfering with its activation (Erbitux™ and 

Vectibix™ [34]), inducing apoptosis (Rituxan™ bound to two CD20 molecules or cross-

linked by other anti-antibodies [33]), inhibiting cell proliferation (Herceptin™ and Erbitux™ 

[33]) and providing additional functionality of the MAb conjugated to radionuclides (anti-

CD20/
90

Yttrium: Zevalin™, anti-CD20/
131

Iodine: Bexxar™), toxins (anti-Interleukin-2 

receptor/diphtheria toxin: Denileukin diftitox or Ontak™), drugs (anti-CD33/ calicheamicin: 

Mylotarg™) or enzymes (anti-carcinoembryonic antigen (CEA) F(ab‟)2/carboxypeptidase 

G2) [35-36].  The second mechanism is mediated by the immune system and includes 

complement-dependent cytotoxicity (CDC, anti-CD52 Campath™ [34]) and antibody-

dependent cellular cytotoxicity (ADCC, Rituxan™ and Herceptin™ engage both activation 

(FcγRIII) and inhibitory (FcγRIIB) antibody receptors on myeloid cells, thus modulating 

their cytotoxic potential [37]). Studies have shown the benefit of combining antibody 

therapy with chemotherapy [33, 38]. 

Although the development of therapeutic MAb therapies requires a relatively 

complex process and high costs, chimeric and humanized MAbs have higher marketing 

approval rates (18% and 24% respectively) than small-molecule agents (5%). The 

molecular weight (MW) of MAbs (150 kDa) is larger than TKI (500 Da), resulting in 

inefficient delivery and poor tissue penetration, tumor retention and clearance. MAbs also 

cannot pass though the cell membrane (like small molecules can) and can only act with 

high specificity on molecules expressed on the cell surface (and then be internalized) or 

secreted. MAbs are frequently used for hematological malignancies while small molecule 

inhibitors are used for solid tumors [32]. Antibody engineering is also used for improving 

the structure of MAbs such as developing largely human or fully human MAbs, 

manipulating the affinity of FcR for the Fc domains, improving the affinity of the MAb for 

its antigen and altering valence and size [34]. 
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Another problem with MAb therapy is the nonspecific uptake of the antibody 

molecules into the RES such as the liver, spleen and lung. Cell-surface binding peptides 

are useful alternatives for targeting cancer cells. Peptides smaller than MAbs, are 

generally not cleared by the RES. They are chemically stable and easy to derivatize. 

They are however, susceptible to proteolytic degradation in vivo. Octreotide is a 

somatostatin cyclic octapeptide analog that inhibits growth hormone secretion. It was 

evaluated in rats and humans and found to have resulted in a substantial improvement of 

hormonal symptoms in more than 90% of patients with tumors [39] . 

1.2 Nanotechnology in cancer 

While the Food and Drug Administration (FDA) stipulates that the currently 

accepted dimensions of nanoparticle therapeutics be in the range of 10-100 nm [4], this 

definition excludes numerous devices of micrometer dimensions, a scale that is included 

within the definition of nanotechnology. A more practical definition of nanotechnology, 

unconstrained by arbitrary size limitations has been proposed: The design, 

characterization, production and application of structures, devices and systems by 

controlled manipulation of size and shape at the nanometer scale (atomic, molecular and 

macromolecular scale) produces structures, devices and systems with at least one 

superior characteristic or property [40]. The first-pass elimination by the kidneys (sieving 

coefficients for the glomerular capillary wall) is a threshold hydrodynamic diameter of 10 

nm for deformable, neutral polymers [41], 5-6 nm for globular proteins [42] and 5.5 nm for 

zwitterionic inorganic metal-containing nanoparticles [42]. The vasculature in tumors is 

leaky to macromolecules, lymphoid drainage is poor and macromolecules accumulate by 

a process called “enhanced permeation and retention (EPR) effect” [43]. Nanoparticles in 

the size range of 50-100 nm will be restricted from exiting normal vasculature (that 

requires the size to be between 1 – 2 nm) and only exit tumor vasculature. They are 

characterized by high surface-to-volume ratios (carbon nanotubes, for example) and so it 
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is critical to control their surface properties. Their ultimate fate in the body is determined 

by their interactions with their local environment which depends on a combination of size 

and surface properties. Nanoparticles that have been sterically stabilized by polyethylene 

glycol (PEG) and have surface charges that tend to be slightly positive, negative or 

neutral, tend to have minimal homotypic and heterotypic interactions. Larger surface 

charges increases macrophage scavenging which in turn leads to greater clearance by 

the RES [44].  

The addition of targeting ligands provides specific interactions with cell-surface 

receptors which are known to be increased in number on cancer cells [45]. The targeting 

ligands bind to the receptors and enter the cell by receptor-mediated endocytosis. Recent 

work has shown that specific targeting and receptor-mediated endocytosis did not 

change the levels of accumulation or retention of the nanoparticles at the tumor site; 

however, it did improve the localization of the nanoparticles within cancer cells and led to 

more pronounced treatment efficacy and better anti-tumor effects, relative to untargeted 

nanoparticles [46-51] .  

In theory, nanoparticles can carry large quantities of therapeutic (drugs of any 

type and number) or imaging payloads and protect them from degradation. Their 

constituent materials might provide image-enhancement properties such as iron oxide for 

magnetic resonance imaging (MRI) and quantum dots for imaging [52]. They can contain 

multiple targeting ligands that can allow multivalent binding to cell-surface receptors – 

this multivalency can lead to increased avidities even though the affinity of the targeting 

moiety might not be very high. Nanoparticles can also carry multiple types of drug 

molecules so as to permit combination therapy. Drug release kinetics can be designed to 

match the properties of the nanoparticles. They also have the ability to bypass multidrug 

resistance mechanisms since they can bypass protein pumps (glycoprotein P, for 

example) and be endocytosed [44, 53]. 
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1.2.1 Liposomes 

Liposomes (~ 100 nm and larger) are self-assembling closed colloidal structures 

composed of lipid bilayers, in which the outer lipid bilayer surrounds a central aqueous 

space. The unmodified phospholipid surface of liposomes can attract plasma proteins 

and thus the recognition by the RES system and their rapid clearance from the 

circulation. Stealth liposomes have solved this problem, yielding liposomes with a 

significantly increased half-life [54-55]. Currently, several cancer drugs are being carried 

by liposomal-based systems such as the anthracyclines doxorubicin (Doxil™, Myocet™) 

and daunorubicin (DaunoXome™). They have both been approved for the treatment of 

metastatic breast cancer and Kaposi‟s sarcoma [44]. They are mainly used to solubilize 

drugs and provide a longer half-life than the free drug. However, they do not provide 

control for the time of drug release, and in most cases, do not achieve effective 

intracellular delivery of the drug molecules. They appear to have reduced toxicity relative 

to the free drug; however, there has been the emergence of other toxicities [44]. There is 

also a trend towards higher liposomal uptake by smaller tumors, suggesting that the 

tumor volume (or stage of development) is important for liposomal uptake [56]. The next 

generation of liposomes will be immunoliposomes that can selectively deliver the drugs to 

the desired site [44, 53]. The only targeted liposomes in the clinic are MBP-426 which 

contains cytotoxic platinum-based oxaliplatin and SGT-53, a liposome coding for the 

tumor suppressor P53. MCC-465 which is an immunoliposome-encapsulated doxorubicin 

tagged with PEG and the F(ab‟)2 fragment of the MAb, GAH is also being evaluated in 

clinical studies [57]. Liposomes are constantly being refined for novel and more 

efficacious drug-delivery at the tumor site [52]. 

1.2.2 Polymeric nanoparticles 

Covering nanoparticles with a hydrophilic coating protects them from 

macrophage uptake. The increased hydration makes the nanoparticles more water-
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soluble and less sensitive to enzymatic degradation [58-59]. Polymer-based drug delivery 

has grown exponentially over the past decade with the advent of biodegradable 

polymers. In polymers, drugs are dissolved, entrapped, encapsulated and covalently 

attached to the polymer matrix. An advantage of polymer therapeutics is the versatility of 

synthetic chemistry which allows the tailoring of molecular weight, addition of biomimetic 

features and even the possibility of including bioresponsive elements. Generally, 

polymers that are used for the preparation of nanoparticles fall into 2 major categories: 

natural (albumin, chitosan, heparin, etc) and synthetic (poly-L-lactide (PLLA), poly-L-

glutamate (PLGA), poly-[D,L-lactide-co-glycolide], PEG, etc) [60].  

   1.2.2.1 Polymer – drugs 

Polymer formuation of paclitaxel bound to albumin (Abraxane™ or ABI-007) was 

approved for the treatment of metastatic breast cancer [61-62].  

   1.2.2.2 Polymer – PEGylated protein 

Several PEGylated proteins (enzymes, cytokines) have been approved or are in 

clinical trials. PEGylation of proteins provides a way to improve solubility, reduce 

immunogenicity, prevent rapid renal clearance and prolong plasma half-life [63]. PEG-L-

asparaginase (Oncospar™) [64], PEG-granulocyte colony-stimulating factor (GCSF) 

(Neulasta™) [65], styrene maleic anhydride-neocarzinostatin (SMANCS™) [43, 66] and 

PEG-recombinanant arginine deaminase (PEG-rhArg) [67] are being used for the 

treatment of acute lymphoblastic leukemia and lymphoma, prevention of neutropenia, 

hepatoceullar carcinoma and hepatocellular carcinoma respectively. PEG-inteferon (IFN)-

α2a (PEGASYS™), PEG- inteferon-α2b (PEGINTRON™) have been clinically approved 

for hepatitis C therapy [68]. Because of the advantage of prolonged half-life of PEG-IFN-

α conjugates, they can be given by subcutaneous injection every 12 weeks instead of 3 

times per week for free IFNs. 
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   1.2.2.3 Synthetic polymer – drugs 

Since the conjugation of PEG to proteins was so successful, it was also used for 

conjugation to drugs. PEG-conjugated chemotherapeutics such as PEG-irinotecan, PEG-

SN-38 and in Phase I clinical trials [69]. However, because of the limited number of drug 

molecules that can be conjugated to PEG, other polymers have been considered. These 

include poly-L-glutamic acid (PG) and N-(2-hydroxypropyl) methacrylamide (HPMA). PG 

improved the half-life of paclitaxel and topothecan (an analogue of camptothecin) from 

21.8 and 3 hrs to 70-120 hrs (PG-Paclitaxel, Xyotax™) and 65-99 hrs (PG-Camptothecin) 

respectively and are now in clinical trials [70-71]. The PG-drug conjugates have high drug 

loading capacity, better solubility, endocytic uptake and drug efficacy. HPMA has also 

been used to prepare polymer-drug conjugates. HPMA-Gly-Phe-Leu-Gly-doxorubicin 

(PK1) entered Phase I studies but along with other HPMA-drug conjugates showed 

disappointing results and has been abandoned. The HPMA-platinum containing drug, 

AP5346 is the only one that remains in clinical development [72]. HPMA-Gly-Phe-Leu-

Gly-doxorubicin (PK2) which also contains the sugar galactosamine was the first ligand-

targeted nanoparticle to reach the clinic. The galactose-based ligand targeted the 

asialoglycoprotein receptor (ASGPR) which was also unfortunately expressed on healthy 

hepatocytes [73-74]. The only targeted polymer-based conjugate in the clinic is CALAA-

01, a polymer-siRNA composite [75]. 

   1.2.2.4 Synthetic polymer micelle – drugs 

Self-assembling block copolymer micelles have long been explored as drug 

carriers. A Pluronic™ block copolymer micelle incorporating doxorubicin and able to 

circumvent p-glycoprotein-mediated resistance has shown promising results [76]. NK911 

is a self-assembling polymeric micelle of PEG 5000 - poly(aspartic acid) which has 

doxorubicin both covalently bound and in the free form [77] with the free doxorubicin 

escaping over an 8 -24 hr period. SP1049C which has two non-ionic Pluronic™ block co-
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polymers and doxorubicin, showed a slower clearance than has been observed for free 

doxorubicin [78]. Genexol-PM™, a polymeric micelle containing paclitaxel, has received 

approval in South Korea. A Phase II trial in patients with metastatic breast cancer has 

been reported in the United States [79]. Multifunctional nanoparticles such as IT-101, a 

conjugate of camptothecin and cyclodextrin-based polymer, have increased circulation 

times, enter tumor cells and allow slow release of the drug [80]. Initial results from Phase 

I trial showed that patients receiving IT-101 had long-term stable disease and low side-

effect profile and were able to overcome certain kinds of multi-drug resistance (MDR) 

[81]. 

   1.2.2.5 Dendrimers 

These polymers are synthesized as well-defined spherical structures ranging 

from 1 to 10 nm in diameter. Molecular weight and number of terminal groups increase 

exponentially as a function of generation of the polymer. Poly(amidoamine) spherical 

dendrimers (PAMAM) with ethylene-diamine (EDA) as a tetravalent initiator core are used 

[82]. One of the major applications of dendrimers is as a delivery vehicle for various 

anticancer drugs. PAMAM dendrimers were conjugated to doxorubicin [83], cisplatin [84], 

1-bromoacetyl-5-fluorouracil (5-FU) [85], PEG or polyethylene oxide (PEO) and 

doxorubicin (dox) [86] and PEG and 5-FU [87]. In all cases, it was found that the 

dendrimer lead to higher drug-loading capacity, stability of the systems in the body and 

controlled release. Dox-coupled dendrimers could substantially inhibit the progression of 

dox-insensitive tumors. Dendrimers were also targeted to the folate receptor using folate 

and could deliver the drug methotrexate and provide imaging with fluorescein [88-89]. 

They could be targeted to tumors using a targeting moiety and could be attached to 

gadolinium-based MRI agents to enable imaging [90] thus providing a means to target, 

image and treat with the same nanoparticle. 
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1.2.3 Quantum dots 

Semiconductor quantum dots (QD) are rapidly emerging as a popular 

luminescence probes for many biological and biomedical applications owing to their 

extremely small size (approximately 10 nm in diameter), high photostability, tunable 

optical properties and multimodality [91-93]. Such inorganic-organic composite 

nanomaterials have shown efficiency in cancer diagnosis in vivo, with their small size and 

large surface area which facilitates targeting, imaging and therapy [94-97]. Researchers 

have now extended the emission wavelength of the QDs into the near infrared (NIR, 650 

- 950 nm) to take advantage of the improved tissue penetration depth and reduced 

background fluorescence [98]. QDs have also been linked with Fe2O3 and FePt to 

generate dual-function nanoparticles [99-100]. Dual-modality nanoparticles have been 

created by attaching paramagnetic gadolinium (Gd) chelates to polymer-coated QDs. In 

vivo imaging with QDs has been used to determine how surface coating of QDs with PEG 

would affect their circulation time [101]. QDs and two-photon excitation have been used 

to image small blood vessels [102-103]. Ballou et al. [104] prepared novel QDs and 

observed uptake into lymph nodes and clear imaging of the sentinel nodes. In vivo 

cancer targeting and imaging in living animals was demonstrated by Gao et al. [105] 

using subcutaneous injection of QD-tagged prostate cancer cells and systemic injection 

of multifunctional QDs and by Bagalkot et al. [106] using QD-aptamer-Dox conjugate for 

targeted cancer therapy, imaging and sensing. 

One of the major problems with QDs is their inherent toxicity, where Cadmium-

Selenium (CdSe) particles might leak cytotoxic cadmium ions after long-term exposure to 

ultraviolet (UV) light while Cadmium-Telluride (CdTe) particles produce reactive oxygen 

species (ROS) after long-term circulation [107-110]. Ballou et al. confirmed the nontoxic 

nature of stably protected QDs [101]. 
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1.2.4 Gold nanostructures 

Noble metal nanostructures have recently become very useful agents for cancer 

therapeutics. While many approaches are being developed for nanotechnology-enabled 

cancer diagnostics and therapeutics, a remarkably promising strategy involves the 

combination of noble metal nanoparticles and light. The uniquely vivid colors of metallic 

nanoparticles such as gold or silver are a result of their strong optical interferences and 

resonances [111]. When illuminated by light, metal nanoparticles support coherent 

oscillations of their valence electrons known as surface plasmons. The plasmon 

resonance wavelength strongly depends on the shape, size and type of metal of the 

nanoparticle, in addition to the local environment [112]. There is very strong 

enhancement of absorption or scattering at the plasmon wavelength of the nanoparticle, 

depending on the size of the nanoparticle: smaller nanoparticles are better absorbers at 

the plasmonic wavelength, while increasing the size increases the scattering cross 

section by the nanoparticle [113]. However, nanoparticles in the 100 nm diameter size 

range can possess both resonant absorption and scattering characteristics. The resonant 

absorption properties of metal nanoparticles result in strong, highly localized 

photothermal heating after laser illumination, an effect that can be exploited to induce 

cancer death. This effect is known as photothermal therapy (PTT) in which photothermal 

agents are employed to achieve the selective heating of the local environment. When the 

PTT agent absorbs light, electrons make transitions from the ground to the excited state. 

They subsequently relax through nonradiative decay channels, resulting in an increase in 

the kinetic energy in the local environment surrounding the light-absorbing species [114-

116]. The photoabsorbing agents can be natural chromophores in the tissue [117] or 

externally added dye molecules such as indocyanine green [118-119]. However, they 

suffer from low absorption cross sections, inefficient light-to-heat conversion requiring 

large amounts of laser energy and can photobleach. Noble metal nanostructures are 
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useful agents for PTT because of their enhanced absorption cross sections ensuring 

laser therapy at lower energies, higher photostability and no photobleaching.  

   1.2.4.1 Gold nanoparticles 

In addition to the local heating of the surrounding environment that leads to 

irreversible cell destruction, there is also vapor formation around gold nanoparticles, in 

the case of short pulses, that imposes internal mechanical stress leading to membrane 

rupture and cell damage [120-124]. MAb-based targeting can be employed to target the 

gold nanoparticles to EGFRs [125-129] and then therapeutically treat the cancer cells or 

image them. 

1.2.4.2 Gold nanoshells 

The goal of thermal ablation is to conform a lethal dose of heat to a prescribed 

tissue volume with as little damage to surrounding tissue as possible, which is hard to do 

with most of the techniques under investigation. In vitro studies with nanoshells bound to 

breast cancer cells showed effective destruction of cells following exposure to NIR light 

with nanoshells (either with or without a targeting moiety) providing a dual 

imaging/therapy approach [130-134]. These studies showed rapid heating of nanoshell-

laden tissues upon exposure to the NIR light, with little to no damage to the surrounding 

tissue. 

In vivo studies showed that nanoshells injected interstitially into the tumor were 

capable of inducing irreversible tissue damage such as coagulation, cell shrinkage and 

loss of nuclear staining [135] with magnetic resonance guidance revealing average 

maximum temperatures reached in the tumor. In vivo studies done with PEG-coated 

nanoshells injected intravenously and then the tumor irradiated, ablated the tumors and 

the mice appeared healthy and tumor-free 90 days after treatment, while the control mice 

(not treated with nanoshells) were euthanized 6-19 days after treatment [136]. 
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1.2.4.3 Gold nanorods (GNR) 

To use the long-wavelength laser irradiation that penetrates tissue for in vivo 

photothermal treatment (650 - 900 nm), the absorption band of the nanoparticles must to 

be in the NIR region. CNTs absorb naturally in this region; however, it is predicted that 

the surface plasmon field enhancement of the absorption of the GNRs is the strongest of 

all the different shapes of gold and silver nanoparticles [137-138]. In vitro studies showed 

that EGFR-targeted GNRs could be used for dual molecular imaging and selective 

photothermal therapy [139]. Biocompatible GNR-embedded polymeric nanoparticles 

(GPN) have been used as photothermal agents which absorb NIR light [140]. GNRs have 

been targeted with folate to tumor cells and then ablated with a laser tuned to the 

plasmon resonance at 765 nm. There was photoactivation damage and loss of 

membrane integrity, accompanied by extensive and irreversible membrane blebbing 

[141]. In vivo studies have shown that PEGylated GNR can be injected i.t. or i.v. and 

following NIR ablation, all PEG-GNR injected mice had no recurrence of tumor 50 days 

following treatment, whereas the control mice (no GNR + laser, GNR - laser) had to be 

euthanized by day 33 [142]. GNRs have been used in a cooperative nanomaterial system 

consisting of two discrete nanomaterials, the first being a GNR “activator” that populates 

tumor vessels and acts as a photothermal antenna to heat the tumor. This heating then 

accelerates the recruitment of the second component: a targeted nanoparticle containing 

doxorubicin-loaded liposomes. Mice containing tumors and treated with the cooperative 

nanomaterial system displayed significant reductions in tumor volume [143]. 

1.2.5 Carbon nanotubes (CNTs) 

CNTs are rolled up cylinders of graphene sheets, exhibiting unparalleled 

physical, mechanical and chemical properties [144-148]. Depending on the number of 

graphene layers, CNTs can be classified as single-walled CNTs (SWNTs) or multi-walled 

CNTs (MWNTs). With diameters of 1-2 nm and lengths ranging from 50 nm up to 1 cm, 
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SWNTs are quasi one-dimensional (1D) cylindrical nanomaterials which may behave 

differently from spherical nanoparticles.  

SWNTs are quasi I-D quantum wires with sharp densities of states (DOS) at the 

van Hove singularities, which imparts distinctive optical properties to them [149]. They 

absorb in the NIR region and can be used for photothermal therapy [150-152] and 

photoacoustic imaging  [153]. Semiconducting SWNTs, with small band gaps, exhibit 

photoluminescence in the NIR range between 800 – 2000 nm [154-163]. SWNTs also 

have distinct resonance-enhanced Raman signatures for Raman detection/imaging, with 

large scattering cross-sections for single tubes [157, 164-165].  

SWNTs can be functionalized either non-covalently or covalently to solubilize 

them, to render biocompatibility and to reduce toxicity. Covalent functionalization can be 

achieved by oxidation and cycloaddition reactions [166-174]. However, the intensities of 

Raman scattering and photoluminescence are reduced following covalent coupling [175]. 

In contrast, the structure and optical properties of the CNTs can be maintained when 

noncovalent functionalization is carried out by coating the CNTs with amphiphilic 

polymers. The surface of the CNTs can be coated with pyrene derivatives [176-178], 

DNA ([179-182], porphyrin [183-184], tween-20 and Pluronic™ [185] Pluronic™ [158], 

surfactant [186-188], PL-PEG [155, 179, 189-196], peptide [197-199] and serum proteins 

[200]. 

Cell culture experiments and in vivo pilot studies conducted by various groups 

observed no toxicity of properly functionalized CNTs [150, 154, 157, 160, 178, 189, 191, 

193, 200-209], while raw CNTs were toxic to mice after inhalation and in cell culture [210-

218]. It should be noted that some of the studies where the authors claim toxicity of the 

CNTs, the CNTs were not functionalized and hence the results are not relevant since 

they were not biocompatible. It is important to note the type of test that is used to assess 

viability of cells in cell culture after incubation with the CNTs. CNTs have been shown to 
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interact with certain dyes [219-220]. Also, the interactions between administered CNTs 

and the immune complement system, whose activation is an important line of defense 

against foreign species, should be examined [221]. 

It has been shown that functionalized CNTs can enter cells without toxicity by 

endocytosis [157, 160, 199, 208, 222] or by non-endocytic means [223-225]. 

Different cargoes have been shuttled by CNTs into cells and include drugs [189, 205, 

226-232], fullerenes, cesium, metallocenes [233-236], proteins [150, 208], DNA [237-239]  

and RNA [190-191, 228, 240-241]. 

CNTs have been targeted to cells using small molecules such as folic acid [150, 

242], peptides [189, 194] and MAbs [155, 243-244]. 

In vivo biodistribution and pharmacokinetic studies have been carried out by 

groups using different CNT materials, different surface functionalizations and different 

tracking methodologies, thus obtaining varying and sometimes contradicting results. 

However, some common themes did emerge. It appears that better covalent 

functionalization of CNTs of short lengths in dispersions of individual tubes resulted in 

urinary excretion and low organ accumulation [243, 245-252], whereas CNTs that had 

been non-covalently coated were more likely to accumulate in the RES for long durations 

with slow excretion of non-degraded CNTs through the bile and fecal pathways [158, 

193-194, 201, 206, 253-256] . 

1.3 Study Objectives 

The goal of this study was to test a new targeting strategy ie, using CNTs 

attached to MAbs, followed by thermal ablation of tumor cells by exposure of the cells to 

NIR light. Once this was determined, we studied the pharmacokinetics and biodistribution 

of these constructs in mice. The specific aims of this study were: 1) to design and 

characterize non-covalent and covalent anti-CD22 and anti-CD25-targeted CNT 

constructs, 2) to determine the binding of the non-covalent and covalent MAb-CNT 
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constructs in vitro, 3) to investigate the killing properties of the non-covalent and covalent 

MAb-CNT constructs in vitro, 4) to determine the behavior of the non-covalent MAb-CNT 

constructs in vivo.  



 

20 

 

 

CHAPTER 2 

MATERIALS AND METHODS 

2.1 Culture of human tumor cell lines 

Daudi cells from the American Type Culture Collection (ATCC, CCL-213, Manassas, 

VA) were cultured in complete medium. Complete medium consisted of Roswell Park Memorial 

Institute (RPMI)-1640 medium (Sigma-Aldrich, St Louis, MO) containing 1% antibiotic-

antimycotic mixture (Pencillin/Streptomycin/Amphotericin B) (Sigma-Alrich), 10% heat-

inactivated fetal calf serum (FCS) (52
o
C for 30 min) (HyClone, Logan, UT) and 2 mM L-

glutamine (Sigma-Aldrich). PBMCs from normal healthy donors were isolated from fresh 

heparinized blood by Ficoll-Plaque PLUS (GE Healthcare, Piscataway, NJ) density gradient 

centrifugation. Normal activated CD25
+
 cells were generated by culturing the PBMCs for 72 hrs 

at 1 x 10
6
 cells/ml in complete medium supplemented with 5 µg/ml phytohaemagglutinin (PHA) 

(Sigma-Aldrich). Both cell types were incubated at 37
o
C in a water-humidified incubator 

(NapCo. 5200, NapCo, Portland, OR) under conditions of 95% air – 5% CO2. 

2.2 Cell proliferation: Incorporation of 
3
H-Thymidine 

10
5
 Daudi cells or PBMCs were dispensed in triplicate wells in a sterile, flat-bottomed 

96-well culture plate (Corning Life Sciences, Lowell, MA) in 200 µl complete medium, and 

incubated for the required duration. Twelve hrs prior to the end of plate incubation, 10 µL of 1 

mCi/mL 
3
H-thymidine (GE Healthcare), diluted 1:10 in complete medium was added to each 

well. The plate was returned to the incubator. At the end of incubation, cells were collected onto 

FilterMAT harvester paper (Skatron Instruments, Sterling, VA) using a cell harvester (Skatron 

Instruments). The filter paper was air dried and the perforated circles on the filter paper were 
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placed into individual scintillation vials (Research Products International Corp., Mount Prospect, 

IL). CytoScint scintillation fluid (MP Biomedicals, Solon, OH) was added to each vial in a volume 

of 2 mL and allowed to saturate the filter paper for about 30 min. The radioactivity in the vials 

was determined using a Tri-Carb 2900 TR (PerkinElmer, Waltham, MA) liquid scintillation 

analyzer. Radioactivity in counts per minute (cpm) of the triplicate wells for each condition was 

averaged and represented as % proliferation relative to that of untreated cells. 

2.3 Preparation of CNT dispersions 

CNT dispersions were prepared in the following manner for the non-covalent and 

covalent linkage to MAbs. 

2.3.1 Non-covalent approach 

Degassed ultrapure deionized (DI) water was used for all solutions. Purified High-

pressure carbon monoxide (HiPCO) CNTs (0.3 mg, Carbon Nanotechnologies, Inc., Houston, 

TX) were suspended in 1 ml of 166 µM 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[biotinyl(polyethylene glycol) 2000] (DSPE-PEG (2000)-biotin) (Avanti Polar Lipids, Inc., 

Alabaster, AL).  The mixture was sonicated with a 2 mm probe tip connected to a Branson 

Sonifier 250 (VWR, West Chester, PA) for 10 min at a power level of 10 W, with the sample 

immersed in an ice water bath.  To remove excess DSPE-PEG-biotin, samples were washed 

twice in DI water by centrifugation for 15 min at 90,000 x g at 4°C in a TL-100 ultracentrifuge 

(Beckman Coulter, Fullerton, CA). The supernatant was discarded, the pellet was resuspended 

in 1 ml of DI water, and the entire wash procedure was repeated once more.  The samples were 

then centrifuged two times in an Eppendorf 5417C (Eppendorf, Westbury. NY) for 10 min at 

16,000 x g at room temperature and the upper 70% of the supernatant containing the 

biotinylated CNTs (B-CNTs) was recovered. In order to obtain more concentrated samples, the 

B-CNT suspension was centrifuged for 60 min at 16,000 x g at 4°C, the supernatant discarded, 

and the pellet was  resuspended in 0.2 ml of DI water. 
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2.3.2 Covalent approach 

Carboxyl-functionalized CNTs (0.5 mg, Sigma-Aldrich) were dispersed in 1 ml of 0.1 M 

2-[N-morpholino]ethane sulfonic acid (MES, Pierce Endogen, Rockford, IL) buffer, pH 4.5 with 

0.2% Tween-20 (Sigma-Aldrich) (activation buffer) by sonication with a 2 mm probe tip 

connected to a Branson Sonifier 250 (VWR) for 5 min at a power level of 10 W, with the sample 

immersed in ice.  The mixture was then centrifuged at 16,000x g for 15 min to remove non-

dispersed material.  The supernatant containing the dispersed CNTs was recovered. 

2.4 Characterization of CNT dispersions 

Characterization of the CNT dispersions was carried out in a similar manner for both the 

non-covalent and covalent conjugates unless otherwise noted and as described below.  

2.4.1 Atomic force microscopy (AFM) 

AFM was performed in air under ambient conditions using a Digital Instruments 

Nanoscope III Multimode scanning probe microscope (Veeco Metrology, Inc., Santa Barbara, 

CA).  Images were acquired in the TappingMode using cantilevers with 0.9 Nm
-1

 force constants 

as described earlier [197, 200].  In order to image the CNTs, 5 µl of the prepared solutions were 

spun-cast on freshly cleaved mica (Asheville-Schoonmaker Mica Co., Newport News, VA) at ~ 

800 x g for 30 sec. All samples were dried at room temperature in a desiccator for 12 hrs prior 

to imaging.  During imaging, a 125 µm long rectangular silicon cantilever/tip assembly was used 

with a spring constant of 40 N/m, resonance frequency of 315–352 kHz and a tip radius of 5–10 

nm.  The images were generated by the change in amplitude of the free oscillation of the 

cantilever as it interacted with the sample.  

2.4.2 Thermal gravimetric analysis (TGA) 

  TGA was performed as described previously [200] with modifications. A Pyris-1 thermal 

gravimetric analyzer (PerkinElmer) equipped with a high temperature furnace and sample 

thermocouple was used. Samples were flash-frozen in liquid nitrogen and then lyophilized 

(Flexi-Dry MP Freeze-dryer, FTS Systems, Stone Ridge, NY) for 48 hrs before being transferred 
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to the platinum pan of the analyzer.  The samples were heated from 100 to 1000 °C at 10°C/min 

in >99.9% O2 using a flow rate of 20 mL/min. A baseline was generated for each scan and 

baseline-subtracted thermograms were converted into % weight. Thermal oxidation 

temperatures were identified by the peaks from the derivative of weight percent curves. Weight 

loss due to CNT burning was determined by subtracting the weights of the CNT peak at the 

onset and at the end of the procedure. 

2.4.3 Inductively coupled plasma – mass spectrometry (ICP-MS) 

Elemental analysis was performed using a ThermoElectron X-Series inductively 

coupled plasma mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA). Samples (1 

mg of as-received CNT powder, 100 µL of a DSPE-PEG-biotin CNT dispersion or 100 µL of a 

DSPE-PEG-amine CNT dispersion) were acid - digested using a protocol developed in 

association with PreciLab Inc. (Addison, TX). In brief, a solution of 100 µL of 37% HCl and 100 

µL of 69% HNO3 was added to samples which were then ultrasonicated for 20 min. Next, the 

samples were diluted with a 2% HNO3 blank to a total volume of 10 mL (100 mL for Fe 

detection). All samples and standard solutions were sprayed into flowing argon and passed into 

the torch, the plasma core of which was inductively heated to ~10,000 °C. Ni and Fe were 

calibrated using a blank, 0.25-, 1.0-, and 5.0-parts per billion (ppb) standard solutions at 590 

watts (additional 50.0-ppb for Fe for the CNT powder) and Ti was calibrated using blank, 0.25-, 

1.0- and 5.0-ppb standard solutions at 1200 watts.  

2.4.4 UV-Vis-NIR spectroscopy 

A dual-beam Lambda 900 UV-Vis-NIR spectrophotometer (PerkinElmer) was used for 

absorption spectra. Background correction was carried out using DI water. Scans were 

performed from 400-861 nm with a scan speed of 125 nm/min and a 0.44-sec integration time 

and from 861-1350 nm with a scan speed of 125 nm/min and a 0.48-sec integration time. The 

wavelength of the instrument was calibrated on a quarterly basis using Holmium standards. 
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2.4.5 Raman spectroscopy 

Raman spectroscopy at 632.8 and 785 nm excitation was performed with a LabRAM 

high-resolution confocal Raman microscope system (Jobin Yvon Horiba, Edison, NJ) as 

described previously [200]. Wavenumber
 
calibration was performed using the 520.5 cm

–1
 line of

 

a silicon wafer; the spectral resolution was ~1 cm
–1

. The power distribution over the sample was 

Gaussian, so it was fairly uniform. 

The 632.8-nm laser excitation was provided by a 127 helium-neon laser operated at 35 

mW (Spectra-Physics, Mountain View,
 
CA). The laser power at the sample was < 5 mW using 

either
 
a 10x or 50x microscope objective. The entrance slit was 500 µm, and

 
the confocal 

pinhole was 1100 µm; the acquisition time
 
for a 250 cm

–1
 spectral region was 90 sec. 

The 785-nm laser excitation was provided by a HPNIR785 diode laser operated at 300 

mW (Renishaw Inc., Gloucestershire, UK). The laser power at the sample was ~ 73 mW using a 

10x microscope objective. The entrance slit was 450 µm, and
 
the confocal pinhole was 1100 

µm; the acquisition time
 
for a 250 cm

–1
 spectral region was 90 sec. Sixty-five µl of the CNT 

samples were placed in 35 mm uncoated glass bottom “imaging” dishes (MatTek Corporation, 

Ashland, MA) under the objective (x10) of the Raman microscope. 

2.4.6 Transmission electron microscopy (TEM) 

A 1:1 dilution of CNT to incubation buffer (Gold Conjugate dilution buffer, Kirkegaard & 

Perry Laboratories, Gaithersburg, Maryland) was prepared and 3 µl was added to a 200 mesh 

nickel Formvar grid (Electron Microscopy Systems, Hatfield, PA). The CNT dilution was allowed 

to remain on the grid for 30 sec, after which the excess CNT solution was removed using a filter 

paper. Blocking buffer was prepared by adding 500 mg of bovine serum albumin (BSA, Sigma-

Aldrich) to 0.02 M phosphate-buffered saline (PBS) [1X PBS (0.01 M): 1.2 g NaH2PO4, 1.4 g 

Na2HPO4, DI water to 1 L and pH 7.2; add 8.77 g NaCl]. Ten µl of coldwater fish skin gelatin 

(CWFS gelatin, Electron Microscopy Systems) was added to the 0.02 M PBS. The blocking 

buffer was then filtered such that no aggregates were present. One hundred µl of blocking 
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buffer was then added to a plastic dish. The grid was submerged in the blocking buffer for 90 

min. The blocking buffer was again removed using filter paper. One hundred µl of the 5 nm 

diameter gold-labeled anti-biotin (Kirkegaard & Perry Laboratories) at a dilution of 1:50 in the 

incubation buffer was added to the grid and allowed to incubate for 3 hrs. Following this, the 

liquid on the grid was wicked off using filter paper and the grid was washed with 3 µl of DI 

water. TEM was performed using a JEOL JEM-1200EX II (JEOL Ltd., Tokyo, Japan) electron 

microscope. 

2.4.7 Enzyme-linked immunosorbent assay (ELISA) 

Neutralite Avidin (NA, Accurate Chemical and Scientific Corp., Westbury, NY) at a 

concentration of 4 µg/ml was prepared in coating buffer [8.4 g of NaHCO3, 3.56 g of Na2CO3, DI 

water to 1 L, pH 9.5]. One hundred µl of this NA solution was added to wells on a 96-well ELISA 

plate (Nunc Maxisorp, Nunc, Rochester, NY). Controls consisted of wells to which 100 µl of 

coating buffer (lacking NA) only was added. The plates were covered with saran wrap and 

incubated at 4
o
C for 12 hrs. Following the incubation, the plate was inverted to remove the NA 

solution. Two hundred µl of blocking buffer [1% BSA in 0.01 M PBS pH 7.2, filtered before use] 

was added to each well and incubated at room temperature for 1 hr. The plates were washed 

three times with washing buffer, phosphate-buffered saline Tween-20 (PBST) [0.05% Tween-20 

in 0.01 M PBS, pH 7.2]. Dilutions of B-CNTs or MAb-NA were added to each well along with 

biotinylated horseradish peroxidase (B-HRP, Vector Labs, Burlingame, CA) and incubated for 1 

hr at room temperature.  After washing 5 times with PBST, 100 µl of the substrate
 
2, 2‟-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, Sigma-Aldrich) was added and incubated for 

5 min at room temperature. The absorbance was measured at 405 nm. The amount of B/NA 

present was calculated using a standard curve constructed by plotting optical density (OD) 

against increasing amounts of B/NA in the presence of a constant amount of B-HRP. 
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2.4.8 Toxicity to cells 

3.6 µg of B-CNTs was added to a million Daudi cells. 10
5
 of these Daudi cells were then 

dispensed in triplicate wells in a sterile, flat-bottomed 96-well culture plate (Corning Life 

Sciences) in 200 µl complete medium, and incubated for 24 hrs. Cells were pulsed for the last 

12 hrs with 1 μCi [
3
H]-thymidine/well (GE Healthcare) and the incorporated radioactivity was 

measured by liquid scintillation counting. The incorporated radioactivity for each sample was 

calculated relative to the corresponding untreated samples. 

2.5 Preparation of MAb-NA conjugates 

To couple the B-CNTs to MAbs, we used a protocol modified from that of Schnyder et 

al. [257].  Briefly, 10 mg of RFB4 (Mouse IgG1 anti-human CD22, [258]) or RFT5 (mouse IgG 

anti-human CD25, [259]) in 1 ml of IgG activation buffer [0.15 M borate buffer, 0.1 mM 

ethylenediaminetetraacetic acid (EDTA), pH 8.5] were thiolated by incubation for 1 hr at room 

temperature with a 20:1 molar excess of 2-iminothiolane (Traut‟s reagent, Pierce Endogen).  

After incubation, the reaction was quenched with 0.1 M glycine. In parallel, 10 mg of NA 

dissolved in 1 ml of NA activation buffer [0.01 M PBS, 0.1 mM EDTA, pH 7.4] was activated by 

a 30 min incubation at room temperature using a 6:1 molar excess of m-maleimidobenzoyl-N-

hydroxysuccinimide ester (MBS, Pierce Endogen). The unreacted Traut‟s reagent and MBS 

were removed by gel-filtration on Sephadex G-25 columns with elution buffer [0.01 M PBS, 0.1 

mM EDTA, pH 7.4].  The thiolated MAb was conjugated to the activated NA at a molar ratio of 

1:2 for 2 hrs at room temperature by gentle shaking.  The resultant conjugate was purified by 

gel-filtration on a Sephacryl S-300 HR column (GE Healthcare) using another elution buffer 

[0.05% Tween-20 in 0.1 M PBS, pH 7.4].  The protein concentration of the purified conjugate 

was quantified using the bicinchoninic acid assay (BCA, Pierce Endogen). 
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2.6 Characterization of MAb-NA conjugates 

MAb-NA conjugates were characterized as described below. 

2.6.1 Western blot 

The size and integrity of the MAb-NA conjugate was analyzed by western blot (WB). A 

7.5% non-denaturing polyacrylamide gel (PA) was poured. The 7.5% separating gel [DI water 

4.85 ml, Acrylamide/Bis (30% stock, Bio-Rad Laboratories, Hercules, CA) 2.5 ml, 1.5 M Tris-HCl 

pH 8.8 2.5 ml, DI water 100 µl, 10% ammonium persulfate (Bio-Rad) 100 µl, N,N,N',N'-

Tetramethylethylenediamine (TEMED) (Bio-Rad) 5 µl] was allowed to set for 30 min. The 4% 

stacking gel [DI water 6.1 ml, Acrylamide/Bis (30% stock) 1.3 ml, 0.5 M Tris-HCl pH 6.8 2.5 ml, 

DI water 100 µl, 10% ammonium persulfate 50 µl, TEMED 10 µl] was allowed to set for 30 min. 

Running buffer [dilute 10X stock: 30 g Trizma Base pH 8.3, 144 g glycine 1:10 with DI water to 1 

L] was added to the top of the gel. The samples were loaded into wells with a 1:1 dilution of the 

loading buffer [1 ml 0.5 M Trizma Base pH 6.8, 4 ml DI water, 0.8 ml glycerol, 1.6 ml 10% 

sodium dodecyl sulfate (SDS), 0.2 ml 1% bromophenol blue]. The samples were 

electrophoresed at 150 V for 70 min. A polyvinylidene difluoride membrane (PVDF, Bio-Rad) 

was soaked in methanol and transferred to the 1X transfer buffer [dilute 10X stock: 30 g Trizma 

Base pH 8.3, 144 g glycine 1:10 with DI water to 0.8 L, 0.2 L methanol]. The gel was placed on 

the PVDF membrane and the transfer performed at 100 V for 60 min. Following the transfer, the 

PVDF membrane was washed with 1X Tris buffered saline Tween-20 (TBST) buffer [dilute 10X 

TBS stock: 24 g Trizma Base pH 7.5, 87 g NaCl 1:10 with DI water to 1L, 0.05% Tween-20] 

once for 15 min. The PVDF membrane was then blocked with the blocking buffer [3% BSA in 

1X TBST] for 2 hrs. The PVDF membrane was washed with TBST two times for 10 min per 

wash. Sheep anti-mouse IgG-HRP (to detect MAb) (GE Healthcare) and B-HRP (to detect NA) 

(Vector Labs) dilutions (1:3000 and 1:10000 respectively) in TBST were added to the PVDF 

membrane and incubated for 1 hr at room temperature. The PVDF membrane was washed 

three times with TBST for 15 min and once with TBS for 15 min. 3 ml of a 50:50 mixture of 
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enhanced chemiluminescence system (ECL, GE Healthcare) Reagent A and Reagent B was 

added to the PVDF membrane for 1 min, the excess liquid removed and the PVDF membrane 

visualized. 

2.6.2 Toxicity to cells 

Ten µg/ml of RFB4-NA were added to a million Daudi cells. Similar concentrations of 

unconjugated RFB4 and NA were used as negative controls and goat anti-IgM was used as the 

positive control. 10
5
 Daudi cells were then dispensed in triplicate wells in a 96-well plate in 200 

µl complete medium, and incubated for 24 hrs. Cells were pulsed for 12 hrs with 1 μCi [
3
H]-

thymidine/well (GE Healthcare) and the incorporated radioactivity was measured by liquid 

scintillation counting as described above. The incorporated radioactivity for each sample was 

calculated relative to the corresponding untreated samples. 

2.7 Preparation of MAb-CNT conjugates 

MAb-CNT conjugates were prepared as described below. 

2.7.1 Non-covalent approach 

Fresh MAb-CNTs were prepared immediately before use by mixing B-CNT with MAb-

NA in a 1:2 (w/w) ratio. The mixture was placed on a mixer (BD Clay Adams Nutator Mixer, BD, 

Franklin Lakes, NJ) for 35 min at room temperature and gently vortexed (American Scientific 

Products S/P Vortex Mixer) every 5 min.  After coupling, the mixture was centrifuged for 5 min 

at 16,000 x g at 4°C. The supernatant containing unreacted MAb-NA was discarded, and the 

pellet was resuspended in 40 µl of PBS for every 3.6 μg B-CNT and used immediately. 

Following the coupling, the optical properties of the MAb-CNTs were tested by UV-Vis-NIR and 

Raman Spectroscopy.  

2.7.2 Covalent approach 

The carboxyl groups on the dispersed CNTs were activated by incubation for 30 min at 

room temperature with 2 mM 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride 

(EDC, Pierce Endogen) and 5 mM N-hydroxysuccinimide (NHS, Pierce Endogen).  The excess 
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reagents were removed by centrifugation in an Amicon Ultra-4 centrifugal filter unit (Millipore, 

Billerica, MA) and rinsed with binding buffer (0.1 M PBS pH 7.2, 0.2% Tween-20).  The 

activated CNTs were recovered in 1 ml binding buffer and reacted with 10 mg RFB4 or RFT5 

MAbs for 2 hrs at room temperature by gentle rocking.  The control for covalent coupling was a 

mixture of MAb and non-activated, carboxyl-functionalized CNTs.  The unreacted MAb was 

washed by centrifugation at 16,000 x g for 30 min.  The supernatant containing unreacted MAb 

was discarded, the pellet resuspended in 1 ml of PBS buffer and the wash procedure repeated 

two more times.  After each wash, the MAb-CNTs were briefly sonicated in 1 ml of PBS for 10 

sec at a power level of 10 W.  Following the coupling, the optical properties of the MAb-CNTs 

were tested by UV-Vis-NIR, AFM and Raman Spectroscopy. 

2.8 Preparation of MAb-CNT-EGFP conjugates 

2.8.1 Covalent approach 

The carboxyl groups on the dispersed CNTs were activated by incubation for 30 min at 

room temperature with 2 mM 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 

(EDC, Pierce Endogen) and 5 mM N-hydroxysuccinimide (NHS, Pierce Endogen).  The excess 

reagents were removed by centrifugation in Amicon Ultra-4 centrifugal filter units (Millipore) and 

rinsed with binding buffer (0.2% Tween-20 in 0.1 M PBS, pH 7.2).  The activated CNTs were 

recovered in 1 ml binding buffer and reacted with 10 mg RFB4 or RFT5 MAb and 100 µg EGFP 

(BioVision Inc., Mountain View, CA) for 2 hrs at room temperature by gentle rocking. The 

unreacted MAb and EGFP were washed by centrifugation in an Eppendorf 5417C (Eppendorf) 

at 16000 x g for 30 min.  The supernatant containing unreacted MAb and EGFP was discarded, 

the pellet resuspended in 1 ml of PBS, and the wash procedure repeated two more times.  After 

each wash, the MAb-EGFP-CNTs were briefly sonicated for 10 sec in 1 ml of PBS at a power 

level of 10 W. 
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2.9 Stability of MAb-CNT conjugates 

The stability of the MAb-CNTs of the non-covalent and covalent conjugates was 

determined as described below.  

2.9.1 Non-covalent approach 

2.9.1.1 Incubation in mouse serum 

The MAb-CNTs were prepared as described above. MAb-CNTs (containing 3.6 μg 

CNT) were suspended in 0.1 ml of filtered mouse serum (not heat-inactivated, Sigma-Aldrich) 

and incubated at 37
o
C for 0-72 hrs. At each the time point, the suspension was washed by 

centrifugation in an Eppendorf 5417C (Eppendorf) at 16,000 x g for 5 min and the pellet was 

resuspended in 40 μl of PBS. Following this, the ablation of MAb-CNT-coated cells with NIR 

light was tested as described below. 

2.9.2 Covalent approach 

2.9.2.1 Sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) 

Covalent MAb-CNTs were prepared as described above. RFB4-CNTs or a mixture of 

RFB4 and carboxylated CNTs (control) were subjected to SDS-PAGE. Samples containing 3 or 

5 µg CNTs were loaded on the gel. The presence of dissociated RFB4 was detected by staining 

with Simply Blue SafeStain (Invitrogen Corporation, Carlsbad, CA). 

2.9.2.2 Incubation in mouse-serum 

RFB4-CNTs (containing 1 μg CNT) were suspended in 0.5 ml mouse serum (Sigma-

Aldrich) and incubated at 37
o
C for 0-24 hrs.  At each time point, the RFB4-CNTs were 

recovered by centrifugation in an Eppendorf 5417C (Eppendorf) at 16,000 x g for 15 min. 

Following this, the binding of RFB4-CNTs to Daudi cells was determined by flow cytometry as 

described below.  
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2.10 Binding of MAb-CNTs to target cells 

The binding of the MAb-CNTs to the target cells was done as described below. 
 
2.10.1 Non-covalent approach 

2.10.1.1 Flow Cytometry 

A million Daudi cells or PHA-activated PBMCs (>95% CD25
+
 cells) were incubated with 

40 µl of the MAb-CNTs (containing 3.6 µg of CNTs) for 20 min at 4°C in PBS.  Cells were 

washed two times with ice-cold PBS and then incubated with either Phycoerythrin-Streptavidin 

(PE-SA, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) or fluorescein-

isothiocyanate (FITC)-labeled goat anti-mouse immunoglobulin (GAMIg) (FITC-GAMIg, 

Kirkegaard & Perry Laboratories) for 20 min at 4°C.  The cells were washed two times with ice-

cold PBS, resuspended in 0.5 ml of PBS and the bound fluorescence was analyzed on a 

FACScan (Becton Dickinson, San Jose, CA). 

2.10.1.2 Ability to bind B-CNTs 

A million Daudi cells were incubated with saturating amounts of RFB4-NA or RFT5-NA 

(1 µg) for 15 min at 4°C in PBS.  Cells were washed twice with ice-cold PBS, incubated with 

incremental amounts of B-CNTs for 20 min at 4°C in PBS and then washed two times with ice-

cold PBS. The amount of B-CNT bound to cells was determined by measuring the absorbance 

at 808 nm of the B-CNT suspension before and after incubation with Daudi cells. The amount of 

B-CNT bound per cell was determined using the extinction coefficient [ε
0.1%

= 25 (mg/ml)
-1

] 

calculated from the linear fit (Beer-Lambert law) of absorbance at 808 nm vs. the B-CNT 

concentration. 

2.10.2 Covalent approach 

2.10.2.1 Flow Cytometry 

A million Daudi cells or PHA-activated PBMCs (>95% CD25
+
 cells as determined by 

flow cytometry) were incubated with the MAb-CNTs (containing 1 µg of CNTs) for 15 min at 4°C 

in PBS. Cells were washed two times with ice-cold PBS and then incubated with FITC-GAMIg 
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(Kirkegaard & Perry Laboratories) for 15 min at 4°C. The cells were washed two times with ice-

cold PBS, resuspended in 0.5 ml of PBS and the bound fluorescence was analyzed on a 

FACScan (Becton Dickinson).  Direct immunofluorescence staining was performed with EGFP-

conjugated RFB4-CNTs for 15 min on ice, and washed two times with ice-cold PBS. 

2.10.2.2 Fluorescence Microscopy 

 A million Daudi cells were incubated with RFB4-EGFP-CNTs (containing 1 µg CNTs) for 

15 min at 4°C in PBS. Cells were washed two times with ice-cold PBS and allowed to adhere to 

poly-L-lysine-coated slides (Sigma-Aldrich) at room temperature for 20 min and fixed with 3% 

Paraformaldehyde (PFA) for 10 min.  The slides were washed two times with PBS, rinsed with 

distilled water, air-dried and mounted with VECTASHIELD mounting medium (Vector 

Laboratories) containing 4',6-diamidino-2-phenylindole (DAPI) as counterstain.  The slides were 

examined under a fluorescence microscope (Axiophot, Zeiss, Germany) under a 63x objective 

using single-pass filters for FITC (green) and DAPI (blue) or a dual-pass green/blue filter set.  

2.10.2.3 Saturation Curve 

 A million Daudi cells were incubated with increasing amounts of MAb-CNTs for 15 min 

at 4
o
C in PBS, washed two times with ice-cold PBS and stained with FITC-GAMIg. The amount 

of bound fluorescence was analyzed on a FACScan (Becton Dickinson). 

2.11 Ablation by MAb-CNTs of target cells 

 The thermal ablation by the MAb-CNTs of target cells was carried out as described 

below. 

2.11.1 Non-covalent approach 

A million cells were incubated with 40 µl of the MAb-CNTs (containing 3.6 µg CNTs) in 

PBS for 20 min at 4°C. Cells were washed three times with ice-cold PBS, and then 10
5
 cells 

were dispensed in triplicate wells in a 96-well plate in 200 µl complete medium. The cells were 

exposed to continuous NIR light using a FAP-Sys-30W 805-811 nm laser system (Coherent, 

Inc., Santa Clara, CA) for 7 min at 5 W/cm
2
.  Cell death was assessed by pulsing the cells for 
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the next 12 hrs with 1 μCi [
3
H]-thymidine/well (GE Healthcare) and the incorporated radioactivity 

was measured by liquid scintillation counting. The incorporated radioactivity for each sample 

was calculated relative to the corresponding non-irradiated samples. 

2.11.2 Covalent approach 

 A million cells were incubated with 100 µl of the MAb-CNTs (containing 3 μg CNTs) in 

PBS for 15 min at 4°C.  Cells were washed three times  with ice-cold PBS, and then 10
5
 cells 

were dispensed in triplicate wells in a 96-well plate in 200 µl complete medium.  The cells were 

exposed to continuous NIR light using a FAP-Sys-30W 805-811 nm laser system (Coherent, 

Inc.) for 4 min at 9.5 W/cm
2
.  Cell death was assessed by pulsing the cells for the next 12 hrs 

with 1 μCi [
3
H]-thymidine/well (GE Healthcare) and the incorporated radioactivity was measured 

by liquid scintillation counting.  The incorporated radioactivity for each sample was calculated 

relative to the corresponding non-irradiated samples. 

2.12 Tumor xenograft model 

2.12.1 Severe combined immunodeficient / nonobese diabetic (SCID/NOD) mice 

For the xenograft experiments, inbred SCID/NOD mice were purchased from the 

University of Texas Southwestern Medical Center (UTSWMC) Mouse Breeding Core Facility. 

Female mice were used in the xenograft experiments. All mice were housed in sterilized cages 

with filter tops in accordance with institutional animal care policy. Mice were acclimated in the 

facility for a minimum of seven days prior to handling. All protocols were approved by our 

institutional protocol review committee. The mice were 7-8 weeks of age at the time of tumor 

cell inoculation. Following tumor inoculation, mice were followed for weight loss and for signs of 

the following: visible tumor and sickness. 

2.12.2 Human Burkitt’s lymphoma (BL) model 

A solid tumor model of BL was generated by injecting 1 x 10
7
 Daudi cells in 200 µL of 

sterile PBS subcutaneously (s.c.) into SCID/NOD mice. The mice were followed for the 

development of palpable tumors, and the tumors were measured using calipers. Tumor volume 
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was calculated using the formula Volume = W
2
 x L ÷ 2, where L was the longest diameter and 

W was its perpendicular width. When the tumors reached 150 to 360 mm
3
, 160 µl of non-

covalent RFB4-CNT (containing 18.6 µg CNTs as determined by UV-Vis-NIR and Raman 

Spectroscopy) was injected i.v. into the tail vein of each mouse. The RFB4-CNT was prepared 

according to the method detailed earlier. A small sample of the RFB4-CNT was saved to be 

used for Raman spectroscopy later. 

2.13 Sample preparation for Raman spectroscopy 

2.13.1 Blood collection 

A small nick was made in the sub-mandibular region using a 5.5 MM GoldenRod animal 

lancet (Medipoint, Mineola NY). A 75 MM heparinized hematocrit tube (Drummond Hemato-

Clad, Drummond Scientific Company, Broomall, PA) to which a bulb had been attached, was 

placed parallel to the ground and the tip placed in the nick that was just made. Blood was drawn 

up by capillary action and forced into blood collection tubes (BD Microtainer Tubes with 

K2EDTA, Becton Dickinson). The tubes were vortexed thoroughly and stored at 4
o
C. 

2.13.2 Blood processing 

The blood was mixed thoroughly 1:1 with lysis buffer (1% SDS, 1% Triton X-100, 40 

mM Tris Acetate, 10 mM EDTA, 10 mM Dithiothreitol (DTT)) and kept at 4
o
C for 72 hrs prior to 

Raman spectroscopy. 

2.13.3 Harvesting organs 

The mouse was weighed and 200 µl of Nembutal sodium solution (50 mg/ml, Ovation 

Pharmaceuticals) injected i.p. The mouse was then perfused with 5 USP units/ml heparin 

(Heparin Sodium Injection, USP, Baxter Healthcare Corporation, Deerfield, IL) in saline (0.9% 

Sodium Chloride Irrigation USP, Braun Medical Inc., Irvine, CA) using a polystaltic pump 

(Buchler Instruments, Fort Lee, NJ) at a rate of 1.45 ml/min for 15 min. Following this, the liver, 

lung, spleen, kidney and tumor were removed and weighed. The organs were then cut into 

small pieces (3-4 per organ) and placed in 50 ml tubes. They were covered with parafilm and 
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placed at -80
o
C for about 30 min. The tubes were then placed in a lyophilizer (Savant 

ModulyoD, Thermo Electron Corporation) for about 72 hrs after which they were stored at 4
o
C. 

2.13.4 Processing organs 

The lyophilized organs were ground to a fine powder using a mortar and pestle. 

Collagenase Type I (250 units/mg, Invitrogen Corporation) was prepared at 10 mg/ml in Hanks‟ 

buffered salt solution (HBSS, Invitrogen Corporation) and added to the organs to suspend them 

in the following volumes: 1.5 ml for the liver and tumor and 0.5 ml for the lung, spleen and 

kidneys. The organs were then placed in the shaking incubator at 37
o
C for 2 hrs and 45 min. 

They were then placed at 4
o
C for 12 hrs, after which they were mixed 1:1 with lysis buffer (1% 

SDS, 1% Triton X-100, 40 mM Tris Acetate, 10 mM EDTA, 10 mM DTT) and then stored at 4
o
C 

for 48 hrs. Following this, the organs were sonicated with a 2 mm probe tip connected to a 

Branson Sonifier 250 for 3 pulses at 15 sec each at a power level of 10 W. The samples were 

then passed through a 23G needle five times and stored at 4
o
C for 24 hrs. 

2.14 Raman Spectroscopy of MAb-CNTs 

2.14.1 Calibration curves 

RFB4-CNT conjugate was prepared fresh as described earlier. The organ lysates and 

blood were prepared as described in collecting and processing blood and collecting and 

processing organs. The concentration of the CNT component of the RFB4-CNT was determined 

by UV-Vis-NIR spectroscopy at a wavelength of 808 nm. RFB4-CNT dilutions, made in 

corresponding organ lysates from untreated mice (mice not injected with RFB4-CNT), ranged 

from 4 µg/ml to 0.063 µg/ml (4 – 0.25 µg/ml for blood, kidney and PBS). Sixty-five µl of each 

dilution was placed in imaging dishes and placed under the 10X objective. At least two Raman 

spectra were recorded at different locations in the imaging dish (90-sec acquisition time) for 

each dilution and the results averaged. For a given concentration of RFB4-CNT, the Raman 

intensity was obtained by averaging the CNT G-band peak area from 1572 cm
-1

 to 1610 cm
-1

 

using a 785 nm laser with ~ 73 mW power at the sample. Calibration curves were obtained for 
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all the harvested organs and for blood and PBS. This experiment was repeated at least three 

times with a total of three untreated mice. 

2.14.2 Detection of CNTs in blood 

Blood was collected and processed at < 1 min, 8 and 24 hrs p.i. using the methods 

described earlier in Collecting and Processing Blood. Raman spectroscopy was carried out with 

65 µl of the sample in imaging dishes under the 10X objective. The intensity was obtained by 

averaging the CNT G-band peak area from 1572 cm
-1

 to 1610 cm
-1 

using a 785 nm laser with ~ 

73 mW power at the sample. The percent injected dose (%ID) was calculated by the following 

equation: 

%ID  =  [RFB4-CNT]blood lysate x Vblood lysate 

  --------------------------------------------       x 100% 

  [RFB4-CNT]injected x Vinjected 

The concentration of RFB4-CNT in the blood of the injected animal ([RFB4-CNT]blood 

lysate) was determined from the Raman intensity of the blood lysate and the corresponding 

calibration curve. The volume of the blood lysate (Vblood lysate) was taken as 6% of the mouse 

body weight [260]. 

This experiment was repeated three times with five mice per experiment. We have data 

from only four mice as we could not measure a Raman signal of sufficient intensity from the 

remaining eleven mice. %ID from animals were compiled and then grouped; each dot 

represents one animal, the average of all animals in a group is represented by a horizontal line. 

2.14.3 Biodistribution 

Organs were collected and processed at 24 hrs p.i. using the methods described earlier 

in Harvesting and Processing organs. Raman spectroscopy was carried out and the intensity 

obtained by averaging the CNT G-band peak area from 1572 cm
-1

 to 1610 cm
-1 

using a 785 nm 

laser with ~ 73 mW power at the sample. The %ID was calculated by the following equation: 
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%ID  =  [RFB4-CNT]tissue lysate x Vtissue lysate 

  --------------------------------------------    x 100% 

  [RFB4-CNT]injected x Vinjected  

The concentration of RFB4-CNTs was determined by measuring the intensity and using 

the calibration curve obtained from the corresponding organ. The volume of the tissue lysate 

was the total volume of buffer in which the organ had been suspended. This experiment was 

repeated three times with five mice per experiment. We have data from only six mice since we 

could not measure a Raman signal of sufficient intensity from the remaining nine mice. %ID 

from animals were compiled and then grouped; each dot represents one animal, the average of 

all animals in a group is represented by a horizontal line. 

2.15 Statistical Analysis 

 Values for both in vitro and in vivo experiments were analyzed using a two-tailed t test 

unless otherwise noted. Samples were considered to be significantly different when p < 0.05. 
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CHAPTER 3 

RESULTS 

3.1 CNTs form stable suspensions which are characterized by various means 

The first step in developing MAb-targeted CNTs was creating soluble and stable CNT 

dispersions that would enable the coupling of MAb and retain the thermal activity of the CNTs in 

serum at physiological temperatures. The non-covalent CNTs were dispersed by using 

biotinylated polar lipids that adsorbed to the surface of the CNTs, while the covalent CNTs, 

which already had carboxyl groups introduced on their surface by chemical means, were 

dispersed in surfactant which coated their entire surface. 

3.1.1 Non-covalent approach 

 Well-dispersed single-walled CNTs were prepared by sonicating CNTs in the presence 

of DSPE-PEG (2000)-biotin or DSPE-PEG(2000)-amine. They were then characterized by a 

variety of methods. The CNT dispersion or raw CNT powder was agitated ultrasonically with 

37% HCl and 69% HNO3, ICP-MS was performed and the ratio of the metal content of the 

dispersion to the powder was obtained (certain methods of synthesizing CNTs require the use 

of metals as catalysts). It was observed that the CNT dispersion had ≤ 3 parts per million metal 

corresponding to less than 0.0003% of the dispersion. The levels of metals in the dispersion 

were significantly lower than the levels seen in the raw CNT powder (Table 1). It should be 

noted that the toxicity threshold of Ni is 25 ppb [29] and our CNT dispersions contain ~ 45 ppb 

Ni. It is unknown if this level will have an impact on the toxicity profile of the CNT dispersions. 

The dispersions were stable and did not aggregate at room temperature for > 120 days. 

Five µl of the B-CNT dispersion was spun-cast on mica, dried in a dessicator and then imaged 
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by AFM. AFM analysis demonstrated that the suspension was free of nontubular carbon 

structures and the CNTs were either individually dispersed or in small bundles. The CNTs could 

be seen coated by the biotinylated polar lipid, DSPE-PEG-biotin. The lengths of the CNTs 

ranged from 0.2 to 1.4 µm with an average of 0.59 µm (Figure 1.a). The B-CNTs were 

immunodetected with gold-labeled goat anti-biotin to determine the extent of distribution of the 

biotin (from the DSPE-PEG-biotin polymer) on the CNT following the sonication process. TEM 

analysis revealed that the biotin from the DSPE-PEG-biotin was distributed along the entire 

surface of the B-CNT with the inset showing the biotin distribution on the CNT at a higher 

magnification (Figure 1.b). UV-Vis-NIR spectroscopy was performed on the B-CNTs to 

determine the quality of the dispersion. Background subtraction was performed with DI water 

and the spectra from 400-1350 nm were acquired. The presence of electronic transitions 

between van Hove singularities suggested that the optical properties of the CNTs were 

maintained after the adsorption of DSPE-PEG-biotin (Figure 1.c). Raman spectroscopy carried 

out at 632.8 nm with a 10X objective showed a number of well characterized resonances such 

as the radial breathing mode (RBM) region between 100 and 300 cm
-1

 and the tangential (G-

band) peak at 1590 cm
-1

, confirming the presence of CNTs in the sample (Figure 1.d). To 

determine the inherent cytotoxicity of the B-CNTs (in the absence of NIR light and MAb-NA), 

cells from the IgM
+ 

CD22
+
CD25

-
 Burkitt‟s lymphoma cell line Daudi, were incubated for 24 hrs 

with up to the highest amount of B-CNT used in binding and killing experiments (3.6 µg). 

Following this, the viability of the cells was determined by [
3
H]-thymidine incorporation. It was 

found that the B-CNTs are not toxic to cells by themselves. As a positive control, 10 µg of goat 

anti-IgM was used which resulted in a 60% reduction in thymidine incorporation (Figure 1.e).  

In conclusion, these data indicated that the non-covalent B-CNTs were well dispersed 

with the biotin present along their entire surface, optically active, relatively pure and non-

cytotoxic to cells. 
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3.1.2 Covalent approach 

Carboxyl-functionalized CNTs were sonicated in 0.1M MES buffer (pH 4.5) with 0.2% 

Tween-20 and then centrifuged to remove the large aggregates and bundles. The supernatant 

was collected and 20 µl was spun cast onto freshly cleaved mica, dessicated overnight and 

then AFM was employed to determine the quality of the dispersion. It was observed that the 

dispersion consisted of individual tubes and small bundles with the surfactant-coated CNTs 

(Figure 2.a). Raman spectra were acquired using a 785 nm diode laser and a 10X objective, 

with the sample contained in a 35 mm polylysine-coated glass bottom dish. The G-band, 

observed at ~ 1590 cm
-1

 exhibited a G
-
/G

+
 line shape that is characteristic of SWNTs. The D-

band was observed at ~ 1310 cm
-1

 indicative of the disorder introduced during the carboxylation 

process (Figure 2.b). 

In conclusion, these data indicated that the covalent c-CNTs were well dispersed with 

the surfactant coating their surface and were optically active as indicated by the presence of the 

G-band peak at ~ 1590 cm
-1

. 
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Table 1. CNT dispersions contain less metal than the raw CNT powder 

 
 
 

 

Metal 

Raw CNT 

powder 

(ppb) 

DSPE-PEG-

biotin CNT 

(ppb) 

DSPE-PEG-

amine CNT 

(ppb) 

% (DSPE-PEG-

biotin CNT/Raw 

CNT) 

% (DSPE-PEG-

amine CNT/Raw 

CNT) 

Fe 5,333,000 2,739 1,096 0.05 0.02 

Ni 3,800 46.83 40.93 1.2 1.08 

Ti 3,500 7.47 4.08 0.2 0.12 
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Figure 1. Characterization of CNTs non-covalently suspended by biotinylated polar lipids (B-
CNTs). (a) AFM image of B-CNTs shows CNTs coated by the biotinylated polar lipid, DSPE-

PEG-biotin. (b) TEM images of individual B-CNTs show uniform coverage of biotin after 
immunodetection with gold-labeled anti-biotin. Higher magnification of a B-CNT coated with 
gold-labeled anti-biotin (inset). (c) UV-Vis-NIR spectra of B-CNTs show a number of metallic 
and semi-conducting CNT absorbances consistent with the presence of individual tubes. (d) 

Raman spectra of B-CNTs show four predominant radial breathing modes (inset) and an 
intense G band (~1590 cm

-1
) indicating the presence of CNTs. Data in a, b, c and d are  

representative of at least three independent experiments. (e) 5x10
4
 Daudi cells were incubated 

for 12 hr with the highest amount of B-CNTs used in the binding and killing assays and 
cytotoxicity was detected by [

3
H]-Thymidine incorporation. 10 μg goat anti-IgM was used as a 

positive control. Data represent the mean ± S.D. of three independent experiments. 
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Figure 2. Characterization of carboxylated CNTs in a suspension of MES and Tween-20 

surfactant (c-CNTs). (a) AFM image of c-CNTs shows CNTs dispersed by the MES and Tween-
20 surfactant. (b) Representative Raman spectrum of CNTs showing the D-band at ~1310 cm

-1
 

and the G-band at ~1590 cm
-1

. 
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3.2 Characterization of MAb-NA conjugates 

It was next important to derivatize the MAb for attachment to the B-CNTs. Our strategy 

was to attach NA to the MAb and biotin to the CNTs. NA binds biotin with high affinity [261]. The 

use of the MAb-NA with the B-CNTs provided the flexibility to “assemble” the targeted CNTs 

using any cell-binding MAb.  To prepare the targeting agents, Mouse IgG anti-human CD22 

(RFB4) or mouse IgG anti-human CD25 (RFT5) were thiolated with 2-iminithiolane (Traut‟s 

reagent). NA was activated with m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS). The 

purified thiolated IgG was mixed with MBS-activated NA at a 2:1 ratio as shown by preliminary 

experiments to give the best yields. The resulting conjugate was chromatographed on a 

Sephacryl S-300 HR column and fractions of the different peaks were pooled (Figure 3.a). 

Purity was determined by western blot analysis. Pooled and concentrated RFB4-NA, RFT5-NA 

and MAb alone were electrophoresed under nondenaturing conditions on a 7.5% 

polyacrylamide gel and immunoblotted with sheep anti-mouse IgG - HRP (to detect MAb) 

(Figure 3.b). The conjugate was of a higher molecular weight than MAb alone and had the MAb 

component as determined by the band seen with sheep anti-mouse IgG - HRP. 

To determine the cytotoxicity of the MAb-NA conjugates, Daudi cells were incubated 

with up to 10 µg/ml of RFB4-NA; cytotoxicity was determined by [
3
H]-thymidine incorporation. 

Similar concentrations of unconjugated RFB4 and NA were used as negative controls, and goat 

anti-IgM (which induces apoptosis of Daudi cells) was used as the positive control. We found 

that the RFB4-NA conjugates were not cytotoxic, whereas the goat anti-IgM reduced [
3
H]-

thymidine incorporation by > 50% (Figure 3.c). 

To determine the amount of B-CNTs that could be targeted to Daudi cells, the Daudi 

cells were precoated with a saturating concentration of RFB4-NA. The excess RFB4-NA was 

washed off and cells were then incubated with increasing amounts of B-CNTs. It was found that 

the RFB4-NA, but not the RFT5-NA conjugate, could target an average of 0.237 pg of B-CNTs 
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per cell. No detectable B-CNT binding was found on uncoated cells or cells precoated with 

RFT5-NA (negative control) (Figure 3.d).  

 Overall, the data indicate that the MAb-NA conjugates were pure, non-cytotoxic and 

that they could bind specifically to cells. Once bound, B-CNTs could be targeted to the cells.  
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Figure 3. Characterization of a MAb-NA conjugate. (a) A typical chromatographic separation of 
RFB4-NA from unconjugated RFB4 and NA using a Sephacryl S-300 HR column. Fractions of 
the first peak containing the RFB4-NA conjugate were pooled and concentrated. (b) Purified 

RFB4-NA, RFT5-NA or MAb were electrophoresed under non-denaturing conditions on a 7.5% 
polyacrylamide gel (PAGE) and immunoblotted with HRP-labeled sheep anti-mouse IgG. Data 

in a and b are representative of at least three independent experiments. (c) 5x10
4 

Daudi cells 
were incubated for 24 hr with increasing concentrations of the RFB4-NA conjugate and 

cytotoxicity was detected by [
3

H]-Thymidine incorporation. Similar concentrations of 
unconjugated RFB4 or NA were used as negative controls whereas10 μg/mL goat anti-IgM was 
used as positive control. (d) A million Daudi cells precoated with a saturating concentration of 

RFB4-NA, were incubated with increasing amounts of B-CNT. Saturating concentration of 
RFB4-NA can target 0.237 pg of B-CNT per Daudi cell. No detectable B-CNT binding was found 
on uncoated cells or on cells precoated with RFT5-NA (control). Data in c and d represent mean 

± S.D. of three independent experiments 
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3.3 Preparation and characterization of MAb-CNT conjugates 

MAb-CNT conjugates were prepared in two ways: non-covalently and covalently. For 

the non-covalent conjugates, MAb-NA was coupled to the B-CNTs (to which the biotin had been 

adsorbed) by the formation of the avidin-biotin bond, one of the strongest non-covalent bonds 

[261]. A concern with the non-covalent approach was that the targeting ligand might dissociate 

from the CNTs in vivo. To overcome this and achieve linkage stability, a covalent approach to 

coupling MAbs to CNTs was developed and tested. A concern with the covalent approach 

however, was that the photothermal efficiency could be compromised by the chemical 

functionalization of the CNTs by the introduction of carboxyl groups. 

3.3.1 Non-covalent approach 

The MAb-CNTs were prepared by coupling the B-CNTs to either the RFB4-NA or 

RFT5-NA for 35 min at room temperature. After the removal of the supernatant containing the 

unreacted MAb-NA, the optical properties of the freshly prepared MAb-CNTs were tested. The 

UV-Vis-NIR spectra of the MAb-CNT conjugates displayed the same metallic and 

semiconducting CNT types as observed for the B-CNTs, indicating that the optical properties of 

the CNTs were not affected by the coupling (Figure 4.a). The characteristic CNT resonances 

displayed in the Raman spectra of the MAb-CNTs again confirmed the presence of CNTs in the 

sample. The Raman spectra of the MAb-CNTs and the B-CNTs were similar indicating that the 

coupling of the B-CNTs to the MAb-NA did not alter the optical properties of the CNTs. (Figure 

4.b). 

These data indicate that the properties of the B-CNTs were not affected by the coupling 

to MAb-NA and the confirmed presence of the CNTs in the MAb-CNT conjugates.  

3.3.2 Covalent approach 

RFB4-CNTs and RFT5-CNTs were prepared by first activating ~0.5 mg of carboxylated 

CNTs (c-CNTs) with EDC and NHS. After the excess reagents were removed, the NHS-

derivatized CNT suspension was transferred to 0.1 M PBS with 0.2% Tween20 and coupled to 
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RFB4 or RFT5 for 1 hr at room temperature. In order to rule out non-covalent attachment of IgG 

to CNTs, the non-activated carboxyl-functionalized CNTs were incubated with MAbs under the 

same conditions. Finally, the conjugates were transferred to 10 mM PBS by washing to remove 

the free Tween 20 and unreacted MAbs from the solution. The concentration of the CNTs was 

calculated from the OD808 whereas the bound MAb was detected using a BCA protein assay. 

The dimensions of the MAb-CNTs were determined using AFM. The MAb-CNT sample showed 

signs of cross-linking with lengths that ranged from 0.5 – 2.0 µm with an average length of 1.0 ± 

0.3 µm. The diameters of the MAb-CNTs ranged from 9.0 – 20.0 nm with an average diameter 

of 12.3 ± 2.5 nm. There was a 6 nm increase in diameter between the MAb-CNTs and the 

CNTs, which could be attributed to the presence of the MAb (Figure 5.a). It was important to 

demonstrate that the MAb-CNTs would be effective in phototherapy. To this end it was 

determined whether the optical properties of these MAb-CNTs were affected by covalent 

coupling. The UV-Vis-NIR absorption spectrum of the MAb-CNTs closely matched that of the 

starting material (carboxylated CNTs dispersed in MES) in that both displayed a large pie-

plasmon absorption band (Figure 5.b). 

The MAb-CNTs were next analyzed using Raman spectroscopy. The G-band, observed 

at ~ 1590 cm
-1

 in the Raman spectrum of the MAb-CNT exhibited a G
-
/G

+
 line shape that was 

characteristic of single-walled CNTs and that was identical to the starting material. The ratio of 

the G band to the D band for the MAb-CNTs was at least 2-fold greater than that observed for 

the original dispersed CNTs indicating that the MAb-CNT coupling additionally purified the 

conjugate (Figure 5.c). 

These data indicate that the binding of MAbs to the CNTs was specific and covalent, 

that the CNT component was present in the MAb-CNT conjugates, that the optical properties of  

the MAb-CNTs were identical to CNTs alone, and that the purity of the MAb-CNTs was superior  

to that of the starting material. 
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Figure 4. Characterization of CNTs following coupling with MAb-NA (MAb-NA-B-CNTs). (a) UV-
Vis-NIR spectrum of MAb-NA-B-CNTs show the same metallic and semiconducting CNT types 

observed for the B-CNTs, indicating the retention of the optical properties of CNTs after 
coupling with MAb-NA. (b) Raman spectrum of MAb-NA-B-CNTs show an intense G band (1590 

cm
-1

) as the B-CNTs, indicating the presence of CNTs in the conjugate. The spectra are 
representative of three independent experiments. 
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Figure 5. Characterization of CNTs following coupling to MAb (MAb-c-CNTs). (a) AFM image 
showing CNTs coated with MAbs. The enlarged inset shows where the MAbs are presumably 
attached to the CNTs (white arrowheads). This AFM image is representative of AFM images 

acquired from two unique MAb-CNT dispersions. (b) Background corrected UV-Vis-NIR 
absorption spectrum. (c) Representative Raman spectrum of MAb-c-CNTs showing the D-band 

at ~1310 cm
-1

 and the G-band at ~1590 cm
-1
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3.4 Specific binding of MAb-CNTs to target cells 
 

To demonstrate  that the MAb-CNTs could bind specifically to target cells,  in  the next 

set of experiments we used both a control ligand and a control cell to show that only the MAb-

CNTs  bind to cells that express the corresponding ligand. Specificity is critical because non-

specific binding to ligand-negative cells could cause major side effects in vivo. 

3.4.1 Non-covalent approach 

The ability of the MAb-CNT conjugates to bind to ligand (antigen)-positive but not 

antigen-negative target cells was assessed by flow cytometry. Following coupling of MAbs and 

CNTs, Daudi cells or PHA-activated PBMCs (> 95% CD25
+
 cells) were incubated with MAb-

CNTs (containing 3.6 µg CNTs), the excess MAb-CNTs were washed off and the cells were 

incubated with FITC-GAMIg (which binds to mouse MAb) or phycoerythrin-streptavidin (PE-SA) 

(which binds to the biotin on the CNT). The bound fluorescence was analyzed on a FACScan. 

RFB4-CNT and RFB4 (positive control) bound equally well to Daudi cells, whereas RFT5-CNT 

(negative control) bound poorly (P < 0.001) (Figure 6.a). Conversely, RFT5-CNT and RFT5 

bound equally well to CD22
-
CD25

+
 PHA-activated PBMCs whereas the negative control 

conjugate, RFB4-CNT, did not (P < 0.002) (Figure 6.b).  

These results demonstrate that the coupling of the MAbs to CNTs did not alter their cell-

binding activity and that the MAb-CNTs bind to antigen-expressing cells as specifically as the 

uncoupled MAbs. 

3.4.2 Covalent approach 

Following coupling of MAbs and CNTs, Daudi cells or PHA-activated PBMCs (> 95% 

CD25
+
 cells) were incubated with MAb-CNTs (containing 1 µg CNTs), the excess MAb-CNTs 

were washed off and the cells were incubated with FITC-GAMIg. The bound fluorescence was 

analyzed on a FACScan. RFB4-CNTs bound well to Daudi cells, whereas the RFT5-CNTs 

(negative control) bound poorly (Figure 7.a). Conversely, RFT5-CNTs bound equally well to 

PBMCs, whereas the negative control conjugate, RFB4-CNT, did not (Figure 7.a). Additional 
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experiments using non-activated, carboxyl-functionalized CNTs incubated with targeting 

antibody (control) indicated no detectable binding to cells. This indicated that the CNTs were 

free of adsorbed MAb. Taken together, these results demonstrated that the MAb-CNTs bound 

specifically to antigen-expressing cells. Direct immunofluorescence was also performed to 

confirm the binding of the MAb-CNTs to the target cells with EGFP-conjugated RFB4-CNTs. 

Half the cells were analyzed by flow cytometry (Figure 7.a) while the other half were used in 

fluorescence microscopy (Figure 7.b). Saturation levels of MAb-CNTs on Daudi cells was 

detected by adding increasing amounts of RFB4-CNTs from 0.25 to 4 μg CNTs, containing an 

equivalent of 0.75 to 12 μg bound RFB4 (Figure 7.c). The results indicate that saturation was 

achieved at 0.25 μg CNTs. 

These data indicate that the MAb-CNTs contain only covalently-bound MAb and are 

free of adsorbed MAb, that they bind specifically to antigen-positive but not antigen-negative 

target cells and that saturation binding is achieved.   
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Figure 6. Specific binding of MAb-NA-B-CNTs to target cells. A million cells were incubated with 
saturating concentrations of RFB4-CNT or RFT5-CNT and then incubated with either FITC-

GAMIg to detect the MAb-NA, or with PE-SA to detect the B-CNT and analyzed on a FACScan. 
(a) The specific binding of RFB4-CNT to Daudi cells using RFT5-CNT as a negative control (p < 
0.001). (b) The specific binding of RFT5-CNT to activated PBMCs (>95% T cells) using RFB4-
CNT as negative control (p < 0.002). Data represent mean ± S.D. of at least three independent 

experiments. P-values comparing binding of RFB4-CNT and RFT5-CNT were calculated 
utilizing paired, two-tail distribution Student‟s t-test. 
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Figure 7. Specific binding of MAb-c-CNTs to target cells. Daudi cells or PHA-activated human 
PBMCs were stained with either RFB4-CNTs or RFT5-CNTs (1 μg CNT) followed by FITC-

GAMIg and cells were analyzed on a FACScan. (a) The binding of MAb-c-CNTs to target vs. 
non-target cells was highly specific (p<0.01). The results of three independent binding 

experiments are presented as means of % positive cells ± SD. (b) The binding of RFB4-CNTs to 
Daudi cells was confirmed by direct fluorescence using c-CNTs co-conjugated to RFB4 and 

EGFP and visualized by fluorescence microscopy. (c) The saturation of Daudi cells with RFB4-
CNTs was determined by incubating a million cells on ice with RFB4-CNTs or RFT5-CNTs in 

concentrations ranging from 0.25 to 4 μg in a total volume of 200 μl of PBS. After 3 washes with 
PBS cells were incubated with FITC-GAMIg, washed and analyzed on a FACScan. The results 
of three independent binding experiments are presented as the means of % positive cells ± SD. 
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3.5 Ablation of cells coated with MAb-CNTs by NIR light 

One of the concerns of coupling MAbs non-covalently to CNTs is that the targeting 

ligand might dissociate from the CNTs. To circumvent this, ligands are covalently attached to 

CNTs to increase chemical stability. However, the concern with that is that chemical stability of 

covalent linkages can increase at the expense of photothermal efficacy i.e., chemical coupling 

of the MAb to CNTs could destroy the optical properties of the CNTs such that they could not 

convert NIR light to heat. For this purpose, it was important to see if there were significant 

differences in the killing efficiencies between the non-covalent and covalent conjugates. 

3.5.1 Non-covalent approach 

The ability of the cell-bound non-covalent MAb-CNTs to thermally ablate cells after 

exposure to NIR light was determined. Cells were incubated with the MAb-CNTs, washed three 

times with PBS, and then dispensed into 96-well plates in cell culture media. The cells in the 

plate were exposed to an 808-nm laser (5 W/cm
2
) for 7 min and pulsed for the next 12 h with 1 

µCi [
3
H]-thymidine to assess cell viability. The viability of the RFB4-CNT-treated Daudi cells, as 

compared to treatment with the nonbinding RFT5-CNTs, was significantly reduced after 

exposure to NIR light (P<0.0001) (Figure 8.a). Conversely, when activated PBMCs were used 

as target cells, RFT5-CNT, but not RFB4-CNT, killed the cells after exposure to NIR light 

(P<0.0001) (Figure 8.b).  

In conclusion, these experiments demonstrated that the binding of the MAb-CNTs to 

their respective antigen-positive target cells lead to their specific ablation after exposure to NIR 

light. 

3.5.2 Covalent approach 

The ability of the cell-bound covalent MAb-CNTs to thermally ablate target cells, 

following exposure to NIR light, was also determined. Cells were incubated with the MAb-CNTs 

in PBS for 15 min, the excess unbound MAb-CNTs were removed, cells were suspended in 

culture medium and dispensed into 96-well plates. The cells in the plate were exposed to an 
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808 nm laser (9.5 W/cm
2
) for 4 min and pulsed for the next 12 hrs with 1 μCi [

3
H]-thymidine to 

assess their proliferative capacity. As compared to the non-binding control RFT5-CNTs, the 

viability of the RFB4-CNT-treated Daudi cells was significantly reduced following exposure to 

NIR light (p<0.01) (Figure 9.a). Conversely, when activated PBMCs were used as target cells, 

RFT5-CNTs, but not the control RFB4-CNTs, killed the cells following exposure to NIR light 

(Figure 9.b). The proliferation of cells treated with the covalent MAb-CNTs (Daudi treated with 

RFB4-CNT and PBMCs treated with RFT5-CNTs) in the absence of NIR light was significantly 

lower (p<0.05) than the proliferation of untreated cells (Figure 9.a and 9.b). This may be due to 

an extensive cross-linking of the target antigen by the MAb-CNTs and subsequent signaling of 

growth arrest and/or apoptosis. This possibility is supported by the observation that cells 

undergo massive clustering. No inhibition of cell proliferation occurred when Daudi cells were 

treated with control RFT5-CNTs or when PBMCs were treated with the control RFB4-CNTs 

(Figure 9.a and 9.b). 

Since both the non-covalent and covalent constructs thermally ablated target cells with 

the same specificity and efficiency, we concluded that there were no significant differences in 

the killing efficiencies of the two constructs following exposure to NIR light. 
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Figure 8. Ablation of cells coated with MAb-NA-B-CNTs by NIR light. A million cells were 
incubated with saturating concentrations of RFB4-CNT or RFT5-CNT. Cells were exposed for 7 
min to 808 nm NIR light (5 W/cm

2
), pulsed with 1μCi [

3
H]-Thymidine and harvested 12 hr later. 

The percentage of radioactivity incorporated by each sample was calculated relative to 
corresponding non-irradiated sample. (a) The specific killing by RFB4-CNT of Daudi cells using 
RFT5-CNT as a negative control (P < 0.0001) (b) The specific killing by RFT5-CNT of activated 
PBMCs (>95% T cells) using RFB4-CNT as a negative control (P < 0.0001). Data represent the 

mean ± SD of at least three independent experiments. 
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Figure 9. Ablation of cells coated with MAb-c-CNTs by NIR irradiation. 

A million cells were incubated with MAb-c-CNTs containing 3 μg CNTs in PBS 
for 15 min at 4°C. The cells were exposed for 4 min to continuous NIR light at 808 nm (9.5 

W/cm
2
), pulsed with 1μCi [

3
H]-Thymidine and harvested 12 hr later. The percentage of 

radioactivity incorporated by each sample was calculated relative to corresponding non-
irradiated sample. (a) The specific killing of Daudi cells by RFB4-CNTs using RFT5-CNTs as 

the negative control. (b) The specific killing of activated PBMCs (> 95% T cells) by RFT5-CNTs 
using RFB4-CNTs as the negative control (*, p< 0.01; **, p< 0.05). Data represent mean ± S.D. 

of at least three independent experiments. 
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3.6 Stability of MAb-CNTs 

Since the MAb-CNTs are being developed for in vivo use, it was important to establish 

the stability of the constructs under conditions designed to mimic the in vivo environment. 

Hence, the MAb-CNTs were incubated in mouse serum at 37°C for different durations of time 

and then tested to determine whether the MAb and CNT components remained stably linked 

together. 

3.6.1 Non-covalent approach 

Non-covalent MAb-CNTs were freshly prepared as described in the Methods. They 

where then incubated in mouse serum at 37°C for 0, 24, 48, and 72 h. At each time point, the 

MAb-CNTs were washed with PBS, incubated with Daudi cells, and irradiated with NIR light in a 

procedure similar to the thermal ablation described in Methods. No loss in their ability to 

thermally ablate Daudi cells was observed, even after 72 h in mouse serum at 37°C (Figure 10).  

In conclusion, the data indicated that the MAb was stably coupled to the non-covalently 

bound DSPE-PEG-biotin and the DSPE-PEG-biotin was being retained on the CNTs under 

conditions designed to mimic the in vivo environment. 

3.6.2 Covalent approach 

To demonstrate that the coupling of the MAbs to the CNTs was covalent and stable, the 

covalently coupled MAb-CNTs were heated in SDS. Two covalently coupled RFB4-CNT 

samples were used, one containing 2 μg CNTs and the other containing 5 μg CNTs. They were 

electrophoresed on a 7.5% polyacrylamide gel under non-reducing conditions. The IgG was 

stained for by Simply Blue SafeStain. It was found that the CNTs remained in the loading well. 

No IgG from the RFB4-CNT samples entered the running gel, demonstrating that the CNT-

bound IgG remained in the loading well, firmly attached to the CNTs. In contrast, in a control 

sample that contained a mixture of equivalent amounts of IgG and carboxylated-CNTs that were 

not activated with EDC and NHS, an IgG band was detected in the running gel (Figure 11.a).  
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In summary, the data demonstrate that the linkage between the MAbs and the CNTs was stable 

and that it did not disassociate even when boiled in SDS.  

The stability of the MAb-CNT conjugate was also established by incubating RFB4-CNTs 

(containing 1 μg CNTs) in 500 μl mouse serum at 37 °C for up to 24 h. At the end of incubation, 

the RFB4-CNTs were recovered by centrifugation and then tested for their ability to bind 

to CD22
+
 Daudi cells, using RFT5-CNT as the negative control. The binding to cells was 

determined by flow cytometry (Figure 11.b). The binding of the MAb-CNTs to the cells was not 

diminished at the different time points. This indicates that the MAbs remain stably bound to the 

CNTs under conditions that mimic the in vivo environment. 



 

61 

 

 

 

 

 

 

 

 

 

 
Figure 10. Stability of MAb-NA-B-CNTs. The stability of the MAb-NA-B-CNTs in vitro was 

determined by incubating them in mouse serum at 37°C for 0, 24, 48, and 72 hr. At each time 
point, the MAb-NA-B-CNTs were washed with PBS, incubated with Daudi cells, and exposed to 

NIR light for 7 min to 808 nm NIR light (5 W/cm
2
), pulsed with 1μCi [

3
H]-Thymidine and 

harvested 12 hr later. The percentage of radioactivity incorporated by each sample was 
calculated relative to corresponding non-irradiated sample. The activity of the RFB4-CNTs at 

the different time points remained unchanged. *, P < 0.0001; **, P < 0.05 for the values obtained 
at the corresponding time points with RFT5-CNTs. Data represent the mean ± SD of three 

independent experiments. 
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Figure 11. Stability of MAb-c-CNTs. (a) Purified RFB4-CNTs or a mixture of 
carboxylated CNTs (c-CNTs) and RFB4 (control) were subjected to SDS-PAGE. 

Samples containing 2 or 5 μg CNTs were loaded on the gel. The stacking gel 
shows the accumulation of CNTs whereas dissociated IgG migrated into the 

gel. The presence of dissociated protein was detected by staining with 
SimplyBlue SafeStain. (b) The stability of the RFB4-CNTs in vitro was 

determined by incubating them (1 μg CNT) in mouse serum at 37
o
C for 0, 4 

and 24 hr. At each time point, the RFB4-CNTs were recovered by 
centrifugation, washed with PBS and incubated with Daudi cells and the 

positive binding analyzed on a FACScan. Data represent the mean ± S.D. of 
at least three independent experiments. 
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3.7 Morphology of cells coated with MAb-c-CNTs and treated with NIR light 

Since selective photothermal damage was determined by the failure of the cells to 

proliferate, it was important to confirm the inhibition of proliferation by investigating the effect of 

thermal ablation on the morphological integrity of the cells. For this purpose, the morphology of 

the cells was visualized by light microscopy.  

A million Daudi cells were incubated with MAb-c-CNTs containing 3 µg CNTs for 15 min 

at 4
o
C. The cells were exposed for 4 min to continuous NIR light at 808 nm (9.5 W/cm

2
). 

Following NIR light, the selective photothermal damage responsible for the inhibition of 

proliferation was confirmed under light microscopy as the loss of morphological integrity in 

Daudi cells pretreated with RFB4-CNT (Figure 12.b) but not in untreated or control cells treated 

with RFT5-CNT (Figure 12.a and 12.c). Daudi cells pretreated with RFB4-CNTs and not 

subjected to NIR light formed “tissue-like” structure of aggregates with large contact areas after 

12 h of incubation (Figure 12.e). In contrast, no aggregates (Figure 12.d and 12.f) formed when 

Daudi cells were untreated or when they were treated with non-binding RFT5-CNTs.  

In conclusion, these data indicate that the homotypic adhesion and the concurrent 

inhibitory effect are specific and hence ligand -dependent. CNT-mediated nonspecific adhesion 

was not observed since untreated cells and cells treated with the control conjugate were not 

damaged. 
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Figure 12. Morphology of cells coated with MAb-c-CNTs following exposure to NIR light. A 
million cells were incubated with MAb-c-CNTs containing 3 μg CNTs in PBS for 15 min at 4°C. 

The cells were exposed for 4 min to continuous NIR light at 808 nm (9.5 W/cm
2
). Cell 

morphology was assessed 12 h later by light microscopy (Magnification, x40 in all panels). 
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3.8 Calibration curves of RFB4-CNT in organ lysates, blood and PBS 

Radio labels or fluorescent labels for nanomaterials are useful for in vivo tracking over 

short periods of time (a few hrs to a few days); however, there is always the possibility that they 

could dissociate or decay over time. It was thus important   to detect the nanotubes based on 

their intrinsic physical properties such as the Raman G band peak of the CNTs at 1590 cm
-1

. 

Raman G band intensities of CNT solutions with known concentrations could be plotted against 

their concentrations to obtain a calibration curve. 

Non-covalent RFB4-CNTs, organ lysates and blood were prepared as described in 

Methods. Raman spectra of RFB4-CNT solutions with known CNT concentrations from 4 – 

0.063 µg/ml (4 – 0.25 µg/ml for blood, kidney and PBS) were acquired and the G-band 

intensities (integrated peak area from 1572 cm
-1

 to 1610 cm
-1

) were plotted against CNT 

concentrations (as determined by their NIR absorption) for the calibration curve (Figure 13). 

This was carried out for each of the organ lysates, blood and PBS. RFB4-CNT dilutions, made 

up in organ lysate/blood/PBS, were added to glass imaging dishes, placed under the 10X 

objective and the Raman spectra acquired. Linear dependence was observed from 4 – 0.5 

µg/ml (Figure 13). The lower detection limit of 0.5 µg/ml corresponded to ~ 8% ID/g in the liver 

and tumor, ~ 10 and ~ 13% ID/g in the kidney and lung respectively and ~ 2.7% ID/g in the 

blood. 

Strong correlation coefficients were obtained for all the organ lysates, PBS and blood 

indicating that the linear dependence would make it possible to do quantitative measurement of 

CNT concentration in tissue lysates and blood of mice using Raman spectroscopy. It was also 

observed that RFB4-CNTs exhibited similar Raman intensities in the organ lysates but were 

slightly different in PBS and blood (Figure 13). 

Linear dependence was observed over a relevant concentration range which would 

enable the use of this technique to quantify the concentration of MAb-CNTs in tissues and blood 

in vivo. 
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Figure 13. Calibration curves of RFB4-CNT in organ lysates, blood and PBS. RFB4-CNT 
conjugates were prepared as detailed in the Methods. The organ lysates and blood were 

collected from untreated mice (n=3) and processed as detailed in the Methods. The 
concentration of the CNT component of the RFB4-CNT was determined by UV-Vis-NIR at a 
wavelength of 808 nm. Sixty five µl of RFB4-CNT dilutions ranging from 4 - 0.063 µg/ml (4 – 
0.25 µg/ml for blood, kidney and PBS) were placed in imaging dishes, Raman spectra were 

recorded at two different locations (90-sec acquisition time/spectrum) using a 10X objective and 
the Raman intensity obtained by averaging the CNT G-band peak area under curve from 1572 

cm
-1

 to 1610 cm
-1

. Correlation coefficients were calculated and were 0.9967 (PBS), 0.9856 
(Lung), 0.9923 (Spleen), 0.9981 (Tumor), 0.9514 (Liver), 0.9895 (Kidney) and 0.9937 (Blood). 

Data represent mean ± S.D. of three independent experiments where, for each concentration, at 
least two spectra were obtained. 
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3.9 Clearance of RFB4-CNT from the blood of SCID/NOD mice 

Prior to carrying out  tumor ablation studies in vivo it was important to determine the 

blood circulation time of MAb-CNTs. Longer blood circulation times should provide more time 

for the MAb-CNT constructs to accumulate at the target site or penetrate large tumors. The 

intrinsic Raman signature of the CNTs was used to quantify the MAb-CNT constructs in vivo. 

160 µl of RFB4-CNTs in PBS at a concentration of 116 µg/ml (18.6 µg of CNTs) were injected 

i.v. into mice with s.c. BL tumor, as described in Methods. Blood was drawn from the mice at < 

1 min, 8 and 24 hrs p.i. and processed as described in Methods. This experiment was carried 

out three times with 5 mice per experiment (total number of mice = 15); however, data was only 

collected from four mice in total because the other eleven mice did not appear to have received 

the correct dose of the RFB4-CNTs due to technical problems. The blood from the four mice 

was stored at 4
o
C for about six months resulting in some samples that had lost their liquid 

content. Hence, those blood samples had to be resuspended in a fixed volume of DI water. 

Unfortunately, this was not accurate because the initial volume of blood collected for those 

samples was unknown. 

According to the results obtained here, the RFB4-CNTs rapidly clear the blood, with 2 

animals having 0% ID and 2 animals having ~ 8% ID at 24 hrs p.i. (Figure 14). It is difficult to 

make a prediction of the half-life in blood because the time-points were so far apart, i.e. 1 min 

vs 8 hrs. It will therefore be important to investigate time points between 10 min and 1 hr. 

Due to sample storage issues in addition to the small number of animals for data 

collection, the blood circulation data may not provide statistical power; however, the overall 

profile is unlikely to change very much even if repeated with a larger number of animals and 

better storage methods.   
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Figure 14. Clearance of RFB4-CNT from the blood of SCID/NOD mice. Blood was collected at < 
1 min, 8 and 24 hrs following injection of 18.6 µg of RFB4-CNT as detailed in the Methods. The 

blood was mixed thoroughly 1:1 with lysis buffer (1% SDS, 1% Triton X-100, 40 mM Tris 
Acetate, 10 mM EDTA, 10 mM DTT) and incubated at 4

o
C for 72 hrs prior to use. Sixty five µl of 

blood was placed in imaging dishes, Raman spectra recorded (90-sec acquisition 
time/spectrum) at two different locations using a 10X objective and the Raman intensity 

obtained by averaging the CNT G-band peak area under curve from 1572 cm
-1

 to 1610 cm
-1

. 
The percent injected dose (%ID) was calculated by the following equation: 

 
%ID =  [RFB4-CNT]blood lysate x Vblood lysate 

                                             ------------------------------------------            X  100%                    
             [RFB4-CNT]injected  x Vinjected 

 
The concentration of RFB4-CNT in the blood of the injected animal ([RFB4-CNT]blood lysate) was 

determined from the Raman intensity of the blood lysate and the corresponding calibration 
curve. The volume of the blood lysate (Vblood lysate) was 6% of the mouse body weight [260]. 

This experiment was repeated three times with five mice per experiment. We have data from 
only four mice as we could not measure a Raman signal of sufficient intensity from the 
remaining eleven mice. %ID from animals were compiled and then grouped; each dot 

represents one animal, the average of all animals in a group is represented by a horizontal line. 
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3.10 Biodistribution of RFB4-CNT in SCID/NOD mice 
 

The use of Raman spectroscopy to quantify CNTs provides the ability to determine the 

biodistribution of the conjugates in various organs over a period of time. Organs can be frozen 

down, lyophilized and stored until Raman spectroscopy can be done to determine the level of 

RES uptake and the excretion profile. 

160 µl of RFB4-CNTs in PBS at a concentration of 116 µg/ml (18.6 µg of CNTs) were 

injected i.v. into mice with s.c. BL tumor, as described in Methods. To investigate the 

biodistribution of the RFB4-CNTs in several major organs 24 hr after injection, mice were 

sacrificed, their organs lyophilized and then homogenized in lysis buffer as described in 

Methods. This experiment was carried out three times with 5 mice per experiment (total number 

of mice = 15). However, data were only collected from six mice because the other nine mice did 

not appear to have received the correct dose of the RFB4-CNTs. Most of the RFB4-CNTs 

accumulated in the liver, lung and spleen as would be predicted (Figure 15). When the injected 

dose was 18.6 µg of CNTs, no obvious CNT signals were detected in the kidney. The detection 

limit of 0.5 µg/ml corresponded to ~ 8% ID/g in the liver and tumor, ~ 10 and ~ 13% ID/g in the 

kidney and lung. Therefore, with the injected dose, the lack of appreciable CNT signals in 

organs other than the RES did not mean that there was no CNT uptake; however, it suggested 

that the level of uptake was lower than what could be detected by Raman spectroscopy for that 

organ (Figure 15). It was not possible to predict whether the DSPE-PEG-biotin coating with the 

attached RFB4, was still present on the CNTs as suggested by the in vitro experiments. 

Since this was a pilot experiment, the goal was to determine if the RFB4-CNTs would 

reach the tumor and if so, what percentage of injected dose would be present.  

In conclusion, the data indicate that there was predominantly RES uptake of the MAb-

CNTs, little to no tumor uptake, possible long-term presence of the CNTs in organs in vivo and 

no consensus on the presence of MAb on the surface of the CNTs. More experiments must be 
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carried out to increase the sensitivity of detection in order to determine the uptake of the 

conjugates in the various tissues.  
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Figure 15. Biodistribution of RFB4-CNT in SCID/NOD mice. Organs were collected from the 
mouse after perfusion, 24 hrs p.i.of 18.6 µg of RFB4-CNT as detailed in the Methods. The 
organs were cut into pieces, frozen, lypohilized and processed as detailed in the Methods. 

Briefly, they were ground into a fine powder, suspended in 10 mg/ml of Collagenase Type I in 
HBSS and placed in the incubator at 37

o
C for 2 hrs 45 min. They were then mixed 1:1 with lysis 

buffer (1% SDS, 1% Triton X-100, 40 mM Tris Acetate, 10 mM EDTA, 10 mM DTT), sonicated 
by 3 pulses of 15 sec at a power level of 10 W and passed though a 23G needle five times. 
Sixty five µl of blood was placed in imaging dishes, Raman spectra were recorded (90-sec 
acquisition time/spectrum) at two different locations using a 10X objective and the Raman 

intensity was obtained by averaging the CNT G-band peak area under the curve from 1572 cm
-1

 
to 1610 cm

-1
. The percent injected dose (%ID) was: 

 
%ID =  [RFB4-CNT]tissue lysate x Vtissue lysate 

                                             ------------------------------------------            X  100%                    
            [RFB4-CNT]injected  x Vinjected 

 
The concentration of RFB4-CNT in the organ of the injected animal ([RFB4-CNT] tissue lysate) was 

determined from the Raman intensity of the tissue lysate and the corresponding organ 
calibration curve. The volume of the tissue lysate (Vtissue lysate) was the volume of buffer in which 
the organ had been suspended. This experiment was repeated three times with five mice per 

experiment. We have data from only six mice as we could not measure a Raman signal of 
sufficient intensity from the remaining nine mice. %ID from animals were compiled and then 

grouped; each dot represents one animal, the average of all animals in a group is represented 
by a horizontal line. 



 

72 

 

 

CHAPTER 4 

DISCUSSION 

4.1 Study objectives and major findings 

The use of NIR-resonant nanostructures, including gold nanoshells and CNTs, to 

thermally ablate cancer is being explored by several groups [121, 125, 132-133, 135-136, 139, 

141, 151-152, 179, 262]. The use of NIR light in the 700 – 1100 nm range for the induction of 

hyperthermia is particularly attractive because living tissues do not strongly absorb in this range 

[263]. Hence an external NIR light source should safely and effectively penetrate normal tissue 

and ablate any cells to which the CNTs are attached. The critical aspect for selective CNT-

mediated thermal ablation of cells is to stably attach targeting moieties that will not interfere with 

the optical properties of the CNTs and yet retain specificity. The targeting of CNTs to tumor cells 

can be accomplished by coating them with cell-binding ligands such as peptides or MAbs [150, 

155, 189, 243, 264-265]. Several studies have reported that the targeting of such CNTs is 

„„specific‟‟ [150, 155, 189, 264], but no study has used both a control ligand and a control cell to 

convincingly demonstrate ligand-specific binding and thermal ablation of tumors cells with 

CNTs. Specificity is critical because nonspecific binding to antigen-negative cells in vivo could 

cause major side effects, which has been a confounding issue in the cancer targeting field for > 

25 years. 

We were interested in “assembling” our targeted CNTs using any targeting MAb that 

could be bound to the CNT. For this reason, we generated targeted CNTs consisting of NA-

conjugated MAbs attached to a biotinylated polymer that non-covalently coated the CNTs. 

However, the potential limiting factor in this design in vivo was that the non-covalently attached 
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molecules could be displaced by macromolecules in biological fluids, resulting in the 

disassociation of the targeting moiety from the CNTs. We therefore also tried an alternative 

strategy where the targeting molecule was covalently coupled to the CNTs. The potential 

drawback to this strategy was that covalent modification of CNTs might interfere with the NIR-

absorption properties of the CNTs. However, there do exist ways to modulate electromagnetic 

signals that might be transferred to NIR technology (“stealth” coatings for magnetically 

suscpetible devices in patients undergoing magnetic resonance imaging (MRI), “stealth” aircraft 

that can defeat radar interception [29]). 

One of the goals of this study was to characterize the binding and killing properties of 

the non-covalent and covalent constructs in vitro. Both a control CNT construct and a control 

cell were used to definitely prove specificity. Another goal was to determine the behavior of the 

non-covalent and covalent constructs in vivo.  However, there were major technical issues with 

trying to quantify the levels of the covalently targeted CNTs in organs and blood, and hence the 

in vivo data for only the non-covalently targeted CNTs are presented. However, results to date 

do not rule out the covalent conjugation approach. 

The objectives of this study were: 1) to design and characterize non-covalent and 

covalent anti-CD22 and anti-CD25-targeted CNT constructs, 2) to determine the binding of the 

non-covalent and covalent CNT constructs in vitro, 3) to investigate the killing properties of the 

non-covalent and covalent CNT constructs in vitro, 4) to determine the behavior of the non-

covalent CNT constructs in vivo. 

The major findings to emerge from this study were that the non-covalent and covalent 

MAb-CNT conjugates were well-dispersed, optically active, stable and biocompatible, 

demonstrated excellent specificity in targeting and thermal ablation of target cells in vitro and 

the non-covalent MAb-CNT conjugate rapidly cleared the bloodstream and accumulated in the 

RES in vivo. 
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4.2 MAb-CNT conjugates were well-dispersed, optically active, stable and biocompatible 

The technical challenges facing the application of CNTs in biomedicine are that CNTs 

are extremely hydrophobic with a tendency to bundle together, are chemically inert and have a 

biocompatibility profile that is conflicting.  

To modify the hydrophobic surface of the CNTs and make them water-soluble and to 

optimize biocompatibility and reduce toxicity, the CNTs have been functionalized non-covalently 

and covalently with water-soluble materials [144, 166, 266-270]. Chemical reactions that form 

carboxyl groups on the sidewalls and the ends of the tube are carried out in covalent 

functionalization, while the noncovalent functionalization results in interactions between the 

hydrophobic domain of an amphiphilic molecule and the surface of the CNT with the amphiphilic 

molecule wrapping itself around the CNT. Functionalized CNTs have been shown to shuttle 

various biological molecular cargoes into cells [190, 208, 222-223, 225, 238, 271].  

In this study we chose to try both the covalent and non-covalent methods of coupling 

MAbs to CNTs. The covalent approach dispersed the CNTs in MES buffer to which Tween-20 

surfactant was added. This helped to coat the CNTs and disperse them following sonication. 

The carboxyl groups present on the sidewalls and the ends of the CNTs were used for the 

conjugation of MAbs that would target the CNTs to cells. While this approach resulted in MAbs 

being robustly bonded to the CNTs, there are accounts that the intrinsic physical properties of 

the CNTs such as photoluminescence and Raman scattering are reduced to a large extent 

[175].  

In the noncovalent approach to functionalizing the CNTs, the surface of the CNTs was 

coated with an amphiphilic polymer that would not disrupt the carbon-carbon bonds. It was 

important to choose an amphiphilic polymer that would impart solubility, was biocompatible, 

nontoxic, stable and had functional groups that would be available for bioconjugation with 

antibodies. PEGylated phospholipids (PL-PEG) with attached biotin was the polymer of choice 

as it met the above requirements. PEG forms the corona, which provides steric stabilization and 
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confers “stealth” properties to prevent protein adsorption. Protein adsorption leads to 

aggregation and rapid clearance from the bloodstream in vivo [209, 272]. C16 alkylation is 

another option to prevent protein adsorption. Enhanced albumin adsorption on alkylated 

surfaces has been observed [273]. The albumin can buttress the targeting sites. This has been 

shown to occur in 2-protein adsorption-desorption studies [274].  

The non-covalent approach also used the biotin-avidin interaction as a general “bridge” 

system to generate targeting moieties (avidin coupled to MAb) attached to CNTs (biotin coupled 

to CNTs). This provided the flexibility to assemble the targeted CNT using any cell-binding MAb. 

The unique characteristics of the biotin-avidin interaction that make it ideal as a bridge system 

are the high affinity and specificity of biotin for avidin, the four binding sites in avidin for biotin, 

making it possible to multiply biotinylated moieties, the small size of biotin that enables 

biotinylation of molecules without altering their properties and the stability of the biotin and 

avidin proteins that can survive harsh reaction conditions and extensive derivatization [261] .  

AFM analyses revealed well dispersed CNTs existing in small bundles. UV-Vis and 

Raman spectroscopy revealed that the spectra of the MAb-CNT conjugates were similar to what 

was observed with the CNT dispersion alone, thus indicating that the optical properties of the 

CNTs were undisturbed following conjugation to MAbs. The covalent MAb-CNT conjugates did 

show an increase in the disorder mode (D-band at ~ 1300 cm
-1

) in the Raman spectrum and 

loss of interband transitions between van Hove singularities in the absorption spectrum relative 

to the noncovalent conjugate; however this was also observed with the carboxylated CNT 

dispersion alone (prior to MAb conjugation). 

Testing for stability of targeted CNT constructs in vitro is a critical step in designing 

MAb-CNT conjugates because it provides proof of the in vivo stability. If the constructs are 

found to be stable in conditions designed to mimic the in vivo environment, it might indicate that 

they could be used in vivo. However, most studies do not address this issue and it is very 

critical that it be done. Indeed Cherukuri et al. have observed displacement of polyethylene 
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oxide CNT coatings by proteins in vivo [158]. Studies have shown the stability by incubating 

radioactively- labeled constructs in human plasma at 37
o
C for 96 hrs [243] or in  mouse serum 

at 37
o
C for up to 24 hrs [194] and then determining the intact radioactivity on the CNTs. In this 

study, it was found that the MAb-CNT conjugates had excellent aqueous stability as determined 

visually and by optical means such as UV-Vis-NIR absorption spectra and AFM analyses. Some 

decanting of the CNTs was observed over time; however, this was easily resolved by a quick 

sonication. Following incubation at 37
o
C in mouse serum, it was observed that the MAb-CNT 

constructs did not exhibit any change in their ability to ablate (non-covalent) or to bind to 

(covalent) target cells relative to MAb-CNT constructs that had not been incubated in mouse 

serum. Boiling the MAb-CNT constructs (covalent) in SDS did not result in the MAbs being 

dissociated from the CNTs. 

It was important to determine the potential inherent toxicity of the CNTs before 

determining their efficacy as photothermal agents in the treatment of cancer. In vitro studies 

highlight that CNTs can be toxic to macrophages [275-276], lymphocytes [277], keratinocytes 

[278-279], mesothelial cells [280], aortic smooth muscle cells [281], skin fibroblasts [282-284] 

and embryo kidney cells [211]. The toxicity of CNTs depends on their physicochemical 

properties which are influenced by the synthesis method, the presence of bundles in the 

dispersion, number of walls in the CNTs (single or multi-walled), amount of metal catalyst and 

carbon impurities present, size and surface modification (acid treatment or functionalization). 

Sayes et al. showed that the toxicity of CNTs was decreased as the degree of functionalization 

with COOH or SO3H groups was increased [283]. However, Magrez et al. showed that cellular 

toxicity increased with the grafting of putatively “toxic” chemical groups on the surface of the 

CNTs [285]. Dumortier et al. showed that NH3-functionalized CNTs did not induce toxicity in 

vitro [207]. The presence of surfactants and metal catalysts are highly toxic to cells [217-218, 

286]. Other groups have shown that well functionalized, and serum stable CNT dispersions 

have not caused toxicity in vitro [154, 157, 179, 189-191, 199-200, 203-205, 243, 287-289]. The 
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CNTs that we used had relatively low levels of amorphous carbon (HiPCO CNTs, [290]), existed 

in small bundles of cell-culture compatible length and diameter, had low levels of metal 

contaminants relative to the raw powder, were well-functionalized and serum-stable without 

dangling “toxic” chemical groups and were suspended in surfactant at levels that was shown to 

be non-toxic to cells.  

One of the issues also to consider is the potential interaction of CNTs with currently 

used viability assays. Wörle-Knirsch et al. showed that CNTs can interact with the tetrazolium 

salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide [MTT]) leading to the false 

conclusion that CNTs are cytotoxic to human lung alveolar cells [220]. Pulskamp et al. also 

reported differences in toxicity results using 2 different assays, the MTT and 4-[3-(4-

iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) assays [276]. 

CNTs have also been reported to interfere with other assays such as neutral red incorporation, 

lactate dehydrogenase, adenylate kinase release and ELISA [219, 291-292]. With all this in 

mind, we chose to use the [
3
H]-Thymidine incorporation assay to determine the viability of cells 

following incubation with the CNTs. This assay had been validated before both by us and other 

groups [293-294] to ensure that it was compatible with nanotubes and that there was no false 

readout of cytotoxicity. In this project, the viability of cells cultured with nonbinding MAb-CNTs 

was indistinguishable from that of cells grown in the absence of CNTs. By contrast, cells 

cultured with targeted-CNTs did not proliferate as well due to receptor-mediated signaling of cell 

cycle arrest and/or cell death. This has been observed previously using cross-linking MAbs 

specific for different B cell surface markers and is therefore not surprising [295-296]. It is 

possible that there is extensive cross-linking of the target antigen by the CNT-bound MAbs and 

subsequent signaling of growth arrest and/or apoptosis. In support of this, we observed that 

after 12 hrs of incubation at 37
o
C, there was massive clustering of Daudi cells treated with the 

RFB4-CNT (targeting CNT) and no NIR light. “Tissue-like” structures of cell aggregates were 

formed with large contact areas.  In contrast, no aggregates and no inhibition of cell proliferation 
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occurred when cells were treated with the control RFT5-CNT (non-targeting CNT). This 

suggests that the homotypic cell adhesion and the concurrent inhibitory effect are receptor-

dependent and MAb-related and do not involve any CNT-mediated non-specific adhesion or 

CNT-mediated toxicity. This demonstrates that the CNT conjugates described in this study are 

biocompatible with cells in vitro. 

4.3 MAb-CNT conjugates displayed excellent specificity in targeting and thermal ablation of 
target cells in vitro 

 
CNTs are thought by many to represent excellent therapeutic platforms in the 

biomedical field, due to their quasi-one-dimensional cylindrical structure, unique optical, 

electronic and mechanical properties, large aspect ratio, good cell penetration and the ability to 

be functionalized in a variety of ways. However, there are some concerns regarding their 

biocompatibility. The aggregation of hydrophobic CNTs and their metal contamination from the 

catalysts clearly contributes to their toxicity. These issues need to be resolved before CNTs can 

be used for the development of cancer therapeutics. CNTs also release substantial vibrational 

energy after being exposed to NIR light. This release of energy within a tissue produces 

localized heating that is sufficient to cause cell death. 

Most modern cancer treatments require the cancer cell to affect its own death [297-

298]. However, this drives the evolution of treatment-resistant cancer cell clones. In contrast, 

treatments that work regardless of the phenotypic diversity of the cancer cell, offer a means to 

kill off all or most of the cancer cells. Hyperthermia, or the use of selective heat for tumor 

ablation, represents one such therapy. It is a relatively noninvasive treatment for cancer. The 

critical temperature threshold in hyperthermic damage of 43
o
C should be borne in mind as far 

as the clarification of the hyperthermic effect is concerned [22].  Malignant cells heated within 

the range of 41-43
o
C are selectively destroyed by hyperthermia. At temperatures above 43

o
C, 

selective heat destruction of malignant cells is more doubtful. Hyperthermic treatment between 

41-43
o
C leads to an increased lysosomal activity in the cytoplasm. Also, there is an inhibition of 



 

79 

 

 

respiratory metabolism without a similar depression of anaerobic glycolysis. This leads to a 

higher amount of lactic acid in the cytoplasm which leads to greater acidity. In the center of the 

tumor, where the exchange between intracellular fluid and blood is slow, this leads to increased 

lysosomal activity. There is also inhibition of RNA synthesis and later DNA synthesis and 

proliferation [22, 126, 299-300]. Membrane lipids also begin to melt at 43
o
C affecting membrane 

integrity, integrin mobility, signaling, etc [29]. 

CNTs have the property of being able to release energy after being exposed to NIR 

light. This energy causes localized heating which can cause cell death. The use of NIR light in 

the 700- to 1100-nm range for the induction of hyperthermia is an attractive option because 

living tissues do not strongly absorb in this range [263]. Hemaglobin and water, the major 

absorbers of visible and infrared light respectively, have their lowest absorption coefficient in the 

NIR region [263]. Hence, an external NIR light source should effectively and safely penetrate 

normal tissue and ablate any cells to which the CNTs are attached. NIR light has been shown to 

travel at least 10 cm through breast tissue and 4 cm of skull/brain tissue or deep muscle using 

microwatt laser sources. With higher power levels, light has been shown to penetrate through 7 

cm of muscle and neonatal skull/brain [263]. 

However, heat affects both healthy and cancerous tissue. To be successful as a 

therapeutic option, hyperthermia must be specifically targeted to tumor tissue and the 

nonspecific injury to the surrounding healthy tissue must be at a minimum. However, it is 

important to understand the thermoregulatory system in estimating heat exchange in hypo- and 

hyperthermic applications. For the most part, convective heat exchange dominates the heat 

balance in a tissue or organ. As determined by studies of the heart, following exercise and a 

subsequent increase in myocardial blood flow, a greater proportion of heat removal was carried 

out by the coronary venous system [15]. This heat transport should be considered when we 

consider the tumor tissue temperature following hyperthermic therapy. One could also consider 

different modes of laser exposure that might influence this heat exchange; short (nanosecond) 
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laser pulses that cause a local temperature of 150
o
-300

o
C with negligible heat disspiation, long 

continuous laser exposure with lower temperature increases (temperature of 43
o
-65

o
C) which is 

more effective for primary tumors with relatively large sizes due to greater heat distribution and 

the intermediate mode which accomplishes moderate temperature increases (temperature of 

80
o
-95

o
C) with short exposure time to limit heat dissipation [301]. 

A great deal of research has been done on the delivery of macromolecules and small 

particles through tumor vasculature. Tumor vasculature shows enhanced vascular permeability 

with fenestrae sizes of 100 to 1200 nm [302]. Their structural irregularity, heterogeneity and 

leakiness are all very different  from the structure of normal blood vessels [303]. This tumor 

architecture should facilitate extravasation, accumulation and retention of macromolecules in an 

effect known as the „enhanced permeability and retention‟ (EPR) effect. However, we have 

chosen to also specifically target the CNTs to the tumor and that way use both the advantage of 

EPR and specific targeting on the CNTs. Furthermore, every cancer cell need not bind the 

targeting moiety due to the heat in the tumor mass generated by external exposure to NIR light.  

To make the CNTs specific targeting agents, targeting moieties need to be linked to 

them. Specificity is critical because non-specific binding to antigen-negative cells in vivo could 

cause major side effects, a confounding issue in the cancer targeting field for > 25 years. The 

linker between the ligand and the CNTs is important for the overall performance of the 

conjugates. Previously, targeted CNTs that were used in vitro have been prepared using both 

covalent [243, 245, 304-306] and non-covalent [155, 179, 189, 264, 287-288, 307-309] 

methods. The concern of using noncovalently attached targeting ligands is that the targeting 

ligand might dissociate from the CNTs in vivo. Linkage stability and specific targeting can be 

achieved by covalent attachment of the targeting moiety to CNTs and that is why the project 

also attempted to generate covalently coupled MAb-CNT constructs. 

The targeting agents used have been small molecules such as folate [179, 288, 309], 

cyclic peptides such as RGD [189], MAbs [155, 243, 264, 287, 304-305, 308] and 
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oligonucleotides [245]. The issue with small molecules, oligonucleotides and peptides is that 

many do not have the same specificity as MAbs. In this project, MAbs have been used as the 

targeting agent. MAb half-lives are much longer than those of small molecules. The T1/2 of 

murine MAbs in normal mice ranges from 121 hr (IgG2b) to 228 hr (IgG3), in particular, 197 hr for 

the targeting MAbs used in this work (IgG1), although the presence of the tumor could act as a 

sink for the injected MAbs and decrease their T1/2 [310]. The idea is that the attachment of 

MAbs to CNTs might improve the T1/2 of the CNTs and increase the chance to target the tumor. 

MAbs however, are less efficient for tumor penetration, tumor retention and blood clearance. 

[32, 311]. Also, the epitopes they target might be downregulated or shed and even when MAbs 

are humanized, they can cause immune reactions [312]. Directly adsorbing MAbs to CNTs as 

done by Shao et al. [264], while easy to execute, could be problematic because the weak 

interaction between the MAb and CNTs could result in the loss of the targeting MAbs. We 

observed that 50% collateral damage was mediated by the irrelevant MAb-CNT control after 

exposure to NIR light, possibly because of the loss of the MAb and non-specific binding by the 

CNTs. While Scheinberg et al. [243] have demonstrated specific targeting of their MAb-CNT 

constructs with both a control cell line and a control isotype-matched irrelevant MAb-CNT 

conjugate, their final goal was not thermal ablation of cells, so it is hard to determine if the 

covalent conjugation of the MAb to CNTs disturbed the NIR-absorption capabilities of the CNTs. 

Xiao et al. [304] have shown that CNTs with covalently conjugated MAbs are able to effectively 

ablate cells, thus showing that it is possible to covalently couple the MAbs to the CNTs, while 

still retaining the NIR absorption capabilities of the CNTs. However, both Xiao et al. and Zhou et 

al. [288] failed to use a control MAb-CNT conjugate with an irrelevant isotype-matched MAb to 

show the specificity of their targeted construct.  

In this work, we showed that the RFB4-CNTs bound to the CD22
+
CD25

- 
Daudi cells and 

RFT5-CNTs bound to CD22
-
CD25

+ 
PBMCs and induced cell death after NIR irradiation. RFB4-

CNTs (anti-CD22-CNTs) did not bind to PBMCs, which do not express CD22 and RFT5-CNTs 
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(anti-CD25-CNTs) did not bind to Daudi cells which do not express high levels of CD25. Cell 

death required the simultaneous exposure of cells to both specifically targeted CNTs and NIR 

light.  

Nonspecifically targeted MAb-CNTs, not bound to the cell surface, were rinsed away 

during washing thus preventing cell death after NIR irradiation. The in vitro studies demonstrate 

the ability of the targeted CNTs to bind specifically to and to induce thermal ablation of targeted 

cells following exposure to NIR light.  This should prove to be an advantage in vivo since the 

specific binding of the MAb-CNTs to their target should facilitate increased uptake into the 

tumor. Though we have not determined if the MAb-CNTs can be internalized by their target 

cells, this factor will be relevant during thermal ablation. Recent studies have demonstrated that 

targeted nanoparticles may not mediate an increase in tumor accumulation when compared to 

non-targeted nanoparticles. However, targeted nanoparticles have better anti-tumor activity 

compared to non-targeted nanoparticles, due to enhanced internalization [46-50, 313]. This 

should also increase the specificity of the therapy in vivo as indicated by the ablation results in 

vitro, where only the cells bound by the targeted CNTs were killed, leaving the normal cells 

unharmed. This study found that there were no significant differences in the selectivity and 

killing efficiencies between the noncovalently and covalently coupled MAb-CNT conjugates in 

vitro. 

4.4 Non-covalent MAb-CNT conjugates rapidly cleared the bloodstream and 
accumulated in the RES in vivo 

 

The biggest challenge for targeting therapy is to translate specificity from in vitro to in 

vivo settings. In the latter, biodistribution and pharmacokinetics are major issues. Many targeted 

agents are taken up by the RES or fail to penetrate tumors. While they might be highly specific 

in vitro, unexpected cross reactions can occur in vivo. Furthermore, with a thermal ablation 

strategy such as that used here, penetration of NIR light into deep tumors is clearly an issue. 

Indeed these agents might find utility in the ablation of primary tumors that are not in the body 
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cavity, e.g. breast, melanoma and lymphoma. In addition CNTs are unlikely to be useful in 

metastatic sites.  

CNTs exhibit unique size, shape and physical properties [145, 314]. Three categories of 

CNTs have been used in in vivo applications. First, are the pristine CNTs (produced materials 

that are so difficult to handle biologically because they are not dispersed in anything and they 

tend to aggregate because of their hydrophobic interactions) [253]. Second, are the CNTs 

coated with amphiphilic macromolecules (pristine CNTs coated with lipid-PEG conjugates, 

copolymers or surfactants) to improve water dispersability and solubility [251-252]. Third, are 

the covalently functionalized CNTs (pristine CNTs modified using cycloaddition reactions to 

attach ammonium groups or acid treatments to generate carboxylic groups) to reduce the 

degree of aggregation and improve debundling of the nanotube materials [251-252]. Comparing 

and contrasting reports involving the in vivo behavior of CNTs, has been confounded by the 

differences in experimental approaches. The CNTs used were of different dimensions and 

surface charges, were either SWNTs or MWNTs and had different kinds of functionalization 

resulting in large variations in the quality of dispersions. In addition they were administered by 

different routes, were quantified differently and they were monitored for different durations of 

time. However, some common themes emerged. For example, better covalent functionalization 

of CNTs of short lengths in dispersions of individual tubes resulted in urinary excretion and low 

organ accumulation, whereas CNTs that had been non-covalently coated were more likely to 

accumulate in the  RES for long durations with slow excretion of non-degraded CNTs through 

the bile and fecal pathways. 

Highly covalently surface-functionalized water dispersable SWNTs (diameter 1 – 10 nm; 

length 0.2 – 1 um) coupled to either DOTA [243, 245-246] or DTPA [247] were capable of rapid 

renal clearance and urinary excretion with a blood circulation half-life of a few hrs. This was also 

seen for surface-functionalized MWNTs (diameter 20 – 30 nm; length 0.5 – 2 um) coupled to 

DTPA [247] or DOTA [248] or glucosamine [249] or to no group [250]. This was observed by 
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Wang et al. using hydroxylated SWNTs (length < 0.6 um) [251-252]. There were varying levels 

of accumulation in all the above cases in the liver, lung and spleen where the whole body 

clearance was slow. However, the predominant excretion route was through the kidneys. 

Lacerda et al. emphasize the importance of nanotube shape in its  excretion [250]. Using TEM 

they showed that CNTs translocated through the glomerular filter. Even though the length of the 

MWNTs was larger than the dimensions of the glomerular capillary wall (diameter of MWNTs 20 

– 30 nm and length 0.5 – 2 um; glomerular capillary wall: diameter of fenestrae 30 nm, 

thickness of glomerular basement membrane 200-400 nm, epithelial podocyte slit 40 nm), it was 

believed that they acquired a spatial conformation in which the longitudinal CNT dimension was 

perpendicular to the endothelial fenestrations. Choi et al. [42] address the importance of 

nanoparticle size on renal excretion by considering different hydrodynamic diameters. They 

reported that renal filtration threshold for metal-based nanometer-sized objects was 5.5 nm and 

that zwitterionic coatings were most compatible with renal clearance. 

              In our own studies where we used non-covalently coupled MAb-CNT conjugates 

(length 0.2 - 1.4 µm), we found that the MAb-CNTs cleared the blood rapidly and accumulated 

predominantly in the RES. It is possible that the MAb-CNTs could have also distributed in other 

organs; however, the lower detection limit of our technique was 0.5 µg/ml and it is possible that 

the levels of accumulation in the other organs was below this limit. Indeed, in studies where 

SWNTs were non-covalently coated with surfactants, Pluronic F108 (diameter 1 nm; length 0.3 

um) [158] or 1 wt% Tween 80 (diameter 10 – 30 nm; length 2 – 3 um) [201, 253], the liver [158] 

and the lungs [201, 253] were the predominant organs where the CNTs accumulated with 

uptake in other RES organs. SWNTs, non-covalently functionalized with phospholipid-PEG (PL-

PEG) (diameter 1 – 5 nm, length 0.1 – 0.3 um), [193-194, 206] cleared the bloodstream rapidly 

and were taken up by the liver and spleen. However, it was also found that increasing the 

molecular weight of linear PEG from 2000 to 5000 or using branched PEG (MW 7000) 

increased the blood circulation time of the CNTs, decreased the levels of RES uptake and also 
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resulted in more rapid clearance of the CNTs from mouse organs [193-194] . We found that 

non-covalent PEGylation of our MAb-CNT constructs by PL-PEG (PEG MW 2000) was 

insufficient in prolonging the blood circulation time or preventing RES uptake. While we, Liu et 

al. and Schipper et al. used non-covalently PEGylated CNTs, Yang et al. [209] found that 

covalent PEGylation was a considerably more effective approach to improving the in vivo 

behavior of CNTs. They had the longest T1/2 of 15.3 hrs of their covalently coupled PEG-CNTs 

in vivo and lower levels of uptake by the RES. Owens et al. [315] showed that covalently bound 

PEG chains achieve longer half-lives than similar particles with only surface adsorbed PEG. 

Sayes et al. [283] demonstrated that covalent functionalization could reduce the toxicity of 

CNTs. Cherukuri et al. [158] reported the detachment of non-covalently adsorbed molecules 

from the sidewall of CNTs in vivo. Hence, it appears that covalently PEGylating our constructs 

with either a larger MW or branched PEG polymer would have improved the performance of the 

CNTs in vivo. 

              While our study did not look into the long-term accumulation of CNTs in vivo, Yang et 

al. [201, 253] found that the levels of SWNTs in the lungs remained high at 90 days p.i. Deng et 

al. (length 10 nm – 0.6 um) [254-255] found that 80% of the ID of taurine-MWNTs  accumulated  

in the liver 5 min after injection, and remained  at that level for 28 days. 90 days following 

injection, the levels in the liver were still high at 20% ID. Georgin et al. [256] found that pristine 

MWNTs (diameter 20 – 70 nm, length 10 um) cleared the blood quickly and  accumulated in the 

liver, lung and spleen where they  remained for 14 days and  at which point the study was 

terminated. Schipper et al. [206] showed Kupffer cell localization of their PL-PEG-CNT 

constructs and long-term (4 months) persistence of the CNTs in liver macrophages. Liu et al. 

[193] found appreciable levels of PL-PEG(2000)-CNTs in the liver and spleen at 7% ID/g even 

after 90 days following injection. 

              To determine the means of clearance of the CNTs, Liu et al. [193] found appreciable 

levels of PL-PEG-CNTs in the dry feces sample and in the intestine at 24 hrs p.i., revealing CNT 
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excretion through the biliary pathway. The CNTs were thought to be stable against 

biotransformation [254]. CNTs were also observed in the kidneys and bladder of the mice 

showing that some were also excreted through the renal pathway. Since the majority of the 

CNTs accumulated in the liver, the renal excretion accounted for a very small percentage of 

CNTs of very short lengths which were not aggregated. Liu et al. [193] suggest that CNTs with a 

very short length of less than 50 nm and diameter of 1-2 nm can be cleared by urinary 

excretion. We did not collect samples of urine and feces from our mice although our PL-PEG-

CNTs were prepared in a manner similar to that of Liu et al. and probably behave similarly. Our 

results and those of Liu et al. differ from previous findings where the CNTs were reported to 

behave like small molecules and clear the body through the renal pathway without RES uptake 

[247, 252]. The dimensions of our CNTs (diameter 1 – 5 nm length 0.2 – 1.4 µm) were smaller 

than the CNT bundles (diameter 10 – 40 nm length 1 µm) used by  Wang et al. and Singh et al. 

and it is known that RES uptake is size-dependent and is higher for larger sizes [316]. Hence, 

we disagree with Wang et al. and Singh et al. who reported that their CNT bundles behaved like 

small molecules. 

               In conclusion, this study showed that MAb-CNTs injected i.v. into mice were rapidly 

cleared by the RES. It is unknown if the PL-PEG coating still remained adsorbed on the CNTs in 

vivo, even though the results in vitro indicated its stability for up to 72 hrs in mouse serum. 
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4.5 The future of CNT therapy in vivo 
 

Based on the results observed here, systemic administration of CNTs could result in a 

very low concentration at the tumor, in addition to increased toxicity to normal tissues due to the 

accumulation in the RES. We do not know whether the CNTs that accumulated in the tumor 

were there due to specific targeting.  We also do not know if the MAb remained coupled to the 

CNTs in vivo. We did not determine how deeply into the tumor the targeted CNT construct had 

penetrated and if the MAb-CNTs had been internalized by the cancer cells. If systemic delivery 

of CNTs is required, this in vivo biodistribution must be improved by systematically optimizing 

the size and surface chemistry of the CNTs to minimize uptake by the RES.  

Another way to deliver CNTs to the tumor is by direct i.t. injection. I.t. administration of 

CNTs does offer a way to achieve high levels of CNT in accessible local tumors without having 

to surgically remove the tumor and risk releasing tumor cells into the circulation. There have 

been significant advances in image-guided techniques that would allow more accurate and 

effective administration into tumors. Direct i.t. injection would ensure that there is minimized 

non-specific toxicity during thermal ablation due to reduced non-specific uptake by the RES. 
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APPENDIX A 
 

OPTIMIZATION OF CNTs 
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In this appendix, we discuss the influence of shape, size and surface coating of CNTs 

on their clearance from the body. Without this clearance or their biodegradation into biologically 

non-toxic components within a reasonable timescale, toxicity is potentially amplified. To render 

CNTs viable for clinical translation, key design considerations that govern their behaviour in vivo 

need to be understood. Work done in the quantum dot field has defined the hydrodynamic 

diameter (HD) (with targeting ligands) and the surface charge of the quantum dots that enable 

their elimination through the kidneys [42, 317]. A similar strategy needs to be adopted for CNTs 

where a precise size-series of CNTs are designed whose ligand properties, ligand conjugation 

ratio, HD, stability and surface coatings are optimized such that we have tumor-specific 

targeting and the unbound CNTs are eliminated completely from the body. 

It is important to keep in mind that renal excretion is a function of HD [42]. If there is no 

biodegradation in vivo, the other route of elimination is through the liver. This is an extremely 

slow and inefficient process which leads to large surface areas of tissue being exposed to the 

CNTs for long durations which could lead to toxicity. A recent study describes that CNTs can be 

degraded by neutrophil myeloperoxidase into short-chain carboxylated alkanes and alkenes in 

vitro [318]. While this degradation has not been demonstrated in vivo, it was shown that the 

biodegraded CNTs induce less pulmonary inflammation relative to non-degraded CNTs. This 

indicates that CNTs might undergo degradation in vivo into non-toxic compounds. 

The aspect of the shape of the CNTs also has to be considered. Quantum dots are 

spherical structures and hence CNTs as cylindrical structures will need separate and 

comprehensive in vivo analysis. 
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