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Essential cancer research studies include diagnosis of early-stage cancer and elucidation of 

the disease processes, with the hope of finding efficient anti-cancer therapy systems. Among the 

various types of molecular tools, multifunctional nucleic acid probes serve versatile roles via 

rational selection and construction processes (e.g., use as sensors, catalytic enzymes, drugs, and 

aptamers). My doctoral research has focused exclusively on the sensor and aptamer functions, in 

particular the engineering of multifunctional nucleic acid probes or nanomaterials for detection 

and analysis of cancer cells. 

My most recent work has involved the construction of an aptamer-micelle as an efficient 

detection and delivery vehicle toward cancer cells. An aptamer, which can specifically bind to a 

broad spectrum of targets, including small molecules, proteins, and even disease cells, is a 

single-stranded DNA or RNA molecule isolated from combinational libraries by a process 

termed SELEX (Systematic Evolution of Ligands by Exponential enrichment). The Tan research 

group has developed a whole-cell-SELEX strategy to generate a panel of aptamers for specific 

diseased cells without any prior knowledge about the target molecules. Although aptamers have 

shown great promise in molecular recognition toward specific cancer cells, the relatively weak 

binding affinities of some aptamers at physiological temperatures has hampered cell targeting 
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and applications to targeted therapy. To solve this problem, an aptamer-micelle strategy was 

implemented by attaching lipid tails onto the ends of low-affinity aptamers. This resulted in 

several beneficial and innovative properties, such as greatly enhanced binding ability, extremely 

low dissociation rates, additional internalization pathways, as well as sensitive and rapid cancer 

detection. 

Cancer originates from mutations in human genes and genetic alterations which cause 

molecular changes to cell structure that ultimately result in morphological and physiological 

abnormalities. Consequentially, my research has also focused on designing molecular sensors to 

detect such changes via intracellular mRNA monitoring. The monitoring of oncogene expression 

or spatial localization allows cellular events and disease pathogenesis to be more accurately 

understood. Besides serving as genetic information housekeepers, nucleic acids can also be built 

into various sensors based on Watson-Crick base-pairing and diverse signal transduction 

mechanisms. However, the complex nature of living cells poses challenges to the design of such 

sensors by the susceptibility of nucleic acids to enzyme digestion and inefficient self-delivery 

into the cells. Two methods were tested to address these limitations: introduction of locked 

nucleic acid bases into the sensor design and modification of sensors with single-walled carbon 

nanotubes. These two methodologies have yielded robust probes, thus permitting more reliable 

intracellular gene studies at the single-cell level. 

Results of my doctoral research demonstrate that multifunctional nucleic acids can be 

utilized as key building blocks to fulfill the various goals in cancer research. 
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CHAPTER 1 
INTRODUCTION 

Cancer remains the second leading cause of death in the United States [1], allthough the 

survival rate for many types of cancer has improved in recent years. The 2003 World Cancer 

Report’s prediction that cancer rates may increase by 50% to 15 million new cases in the year 

2020 has compelled scientists in many areas to become involved in cancer research. Essential 

cancer research includes diagnosis of early-stage cancer and elucidation of the disease processes, 

with the hope of finding efficient anti-cancer therapy systems.  

In an attempt to create molecular tools for the above-mentioned major cancer research 

areas, this doctoral research was undertaken to utilize nucleic acid as the key component to 

construct various probes. This dissertation has focused on the construction of nanomaterials 

based on nucleic acid aptamers evolved from the whole-cell-SELEX methodology for cancer 

detection with potential promise in targeted therapy, as well as two types of molecular probe 

designs for intracellular gene monitoring.  

In order to set the foundation of these objectives, the following sections will review some 

critical properties of nucleic acids and their applications in cancer diagnosis, cancer therapy and 

cancer intracellular biomolecular study. Additional key subjects involved in this dissertation will 

be introduced separately: structure and chemical synthesis of nucleic acids, locked nucleic acids, 

nucleic acid aptamers, micelles, flow cytometric analysis of aptamer binding ability with cells, 

and fluorescence measurement for signal transduction. Finally, a summary of the overall scope 

of this dissertation will be outlined. 

Nucleic Acids for Cancer Research 

Completion of the human genome project has revolutionized fundamental understanding of 

biological processes. Increasing emphasis on molecular level understanding of biological 
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organisms has allowed certain diseases to be redefined in terms of their underlying molecular 

characteristics. It is well accepted that cancer originates from mutations of genes, either inherited 

from parent(s) or genetically influenced, with resulting changes in cell morphology and 

physiology [2]. To decipher the underlying cancer processes and facilitate cancer diagnosis with 

the promise of efficient cancer treatment, nucleic acid has become an ideal building block for its 

widespread utilization in bioanalytical and biomedical research fields. The popularity of nucleic 

acid mainly results from its specific recognition ability toward a wide spectrum of targets, 

including another piece of nucleic acids, small molecules, proteins or even diseased cells. 

Additionally, the automated oligonucleotide synthesis and easy modification make nucleic acids 

attractive molecular tools with which to work. 

Properties of Nucleic Acids 

To appreciate their applications in cancer research, the biological functions of nucleic acids 

and their structural properties must be understood. 

As described in the central dogma of molecular biology, every life form develops from 

hundreds of thousands of types of cells. Inside one single cell, an equal amount of proteins carry 

out all our daily functions. To synthesize those proteins, an enormous amount of information is 

required to assemble peptides piece-by-piece based on exact instructions. This information, 

detailing every single protein’s specific structure, is stored in an array of biomolecules called 

nucleic acids. Nucleic acids carry genetic information from parent cell to daughter cell; 

therefore, genetic traits can be passed along to offspring. These unique genetic traits provide an 

intrinsic avenue to understand life; and therefore represent attractive targets for cancer research. 

Since it contains the essence of genetic material, the significance of nucleic acid is greatly 

enhanced by an understanding of its intrinsic structures. Nucleic acids are largely divided into 

two groups, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), of which share the same 
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general structures. Nucleic acids can be regarded as the polymerization product of nucleotides. 

As presented in Figure 1-1, the monomer unit, or nucleotide, consists of three components: the 

sugar ring, phosphate group and a nucleotide base. In the famous DNA double helix structure 

(shown in Figure 1-2) proposed by James D. Watson and Francis Crick in 1953 [3], the outer 

layer of the helix is the helix backbone made by the sugar and phosphate groups. Because of the 

presence of phosphate groups, nucleic acid is highly negatively charged. In contrast, nitrogenous 

bases are paired and preserved inside the helix. Although only four types of different nucleotide 

bases can occur in a nucleic acid, each nucleic acid contains millions of bases bonded to it. The 

order in which these nucleotides appear is the genetic code for a certain proteins. In other words, 

nucleotide bases serve as a genetic alphabet by which the structure of each protein is encoded. 

 
 

Figure 1-1. General structure of nucleic acids.  

The structures of the nucleotide bases, shown in Figure 1-2, enable their roles as the 

informational molecules. The hydrogen atoms of amino groups provide hydrogen bond donors, 

whereas the carboxyl oxygens and ring nitrogens provide hydrogen bond acceptors. The different 

positions of hydrogen bonds give the bases their unique structural identities; that is adenine can 

specifically hydrogen bond to thymine (in DNA or uracil in RNA) and cytosine can specifically 
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hydrogen bond to guanine, a process which allow them to serve as the genetic information. Since 

the aromatic rings are rigid planar molecules, the bases can stack within the helix. This stacking 

helps protect the chemical identity of the bases as well as improve thermal stability of the helix. 

 
 

Figure 1-2. DNA double helix structure and nitrogeneous bases. 

However, it is the very structure of nucleic acid that, paradoxically, defines the challenge it 

confronts in cancer research. For example, RNase H cleaves RNA only at sites where the 2’ 

position of the sugar ring is not modified (2’-OH) [4]; therefore, blocking the 2’ cleavage site 

becomes a popular way to achieve good biostable bases. Locked nucleic acid, which will be 

introduced later, is one such example. Additionally, nucleic acids are polar. However, the cell 

membrane is composed of a lipid bilayer structure with a hydrophilic head outside and a 

hydrophobic tail inside, which prevents polar solutes, such as nucleic acid, from diffusing across 

the membrane. Moreover, phospholipid, which have a negative charge, form the major 

component of cell membranes. Therefore, this negatively charged cell membrane creates an extra 

barrier to the same negatively charged nucleic acid molecules to move through it. Thus, an 
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additional challenge is how to design the efficient delivery of nucleic acids to and through the 

cell membrane. 

Multifunctional nucleic acids 

There are three main reasons why nucleic acids are believed to play multifunctional roles. 

First, automated synthesis allows easy incorporation of molecules with various functional groups 

into a nucleic acid sequence. For example, if a fluorescence dye molecule is bonded, the nucleic 

acid can function as a detection probe to determine its analyte. Also, by introducing cytotoxic 

drug molecules, the corresponding nucleic acid can act as a delivery vehicle towards its specific 

target. Moreover, with conjugated functional groups, nucleic acids can self-assemble into a 

certain nanostructure or be conjugated onto some nanomaterials to achieve unique properties. 

Second, nucleic acids have great capability for selective recognition against a wide range of 

targets, including other nucleic acid molecules by specific base pairings, small molecules, 

proteins, or even whole diseased cells. Nucleic acids which can recognize non-nucleic acid 

targets are termed aptamers, which will be detailed in the following section. Third, as found 

recently, nucleic acids not only play a main role in storing genetic information, but also perform 

several other functions. For instance, small RNAs and microRNAs regulate gene activitity [5,6]; 

DNA with nonmethylated CpG sequences exert an immunostimulating effect [7,8]; and 

ribozymes and deoxyribozymes can have interesting enzymatic catalytic functions [9,10]. Thus, 

molecular engineering of multifunctional nucleic acids sparks numerous applications in 

biological studies, especially cancer research. In the following section, three major applications 

of nucleic acids in cancer research (cancer detection, cancer therapy and intracellular 

biomolecular study) will be briefly reviewed. 
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Nucleic Acids for Cancer Detection 

The survival rate of any form of cancer depends on how early and what stage it is detected. 

Thus, the highest survival rates correlate to the earliest stages of detection. For example, colon 

cancer is one of the most curable cancers when detected in the early stages. Based on the data 

from the National Cancer Institute, the overall survival rate for colon cancer in the United States 

is as high as 93% at stage 1 and 85% at stage 2A, but it will dramatically drop to 8% at stage 4 

[11].  

Several methods are currently utilized for cancer detection, including biopsy, magnetic 

resonance imaging (MRI), polymerase chain reaction (PCR), microarray and immunological 

assays. Biopsy is typically used as a diagnostic method to histologically identify whether a 

previously detected tumor, lesion, or other abnormal tissue is cancerous. However, it is an 

invasive method with potential damage, especially when it is targeting brain tissue. MRI, as a 

noninvasive method, has been shown to be useful for staging cancers and deciding on treatment 

avenues, but it is considered too costly for routine detection.  

The increasing emphasis on molecular level understanding of bio-organisms, especially 

with the completion of the human genome, has allowed diseases to be re-defined in terms of 

underlying molecular level abnormalities rather than pathological differences. Cancers are 

known to originate from mutations of human genes; therefore, biomarker gene detection and 

profiling has become one of the most popular ways to correlate the unique molecular signature of 

tumors for identifying subsets of patients and tailoring treatment regimes to achieve more 

personalized medical therapies. Gene expression microarray and PCR are two commonly used 

techniques to analyze biological differences between tumors that account for variations in 

morphology and clinical behaviors. Microarray provides a powerful tool for massive parallel 

analysis of the RNA/DNA expression level of thousands of genes. The genomic gains or losses 
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can be analyzed for complete genomes in a single experiment, thus creating new opportunities 

for deciphering distinct chromosomal changes in the development of cancer [12,13]. Using 

microarrays, investigators have developed gene expression-based classifications for many 

malignancies, such as lymphoma [14], leukemia [15], breast [16] and lung carcinoma [17]. These 

molecular classifications are clinically significant, because they correlate tumor characteristics 

with patient outcome and explain the variability seen in the natural course of certain tumors with 

the same anatomic diagnosis [14-17]. Besides microarray, PCR-based methods have proven to be 

highly sensitive diagnostic techniques for cellular recognition. However, amplification of gene 

products has been reported to have variable sensitivities, which can lead to false positive or false 

negative results [18]. 

Besides DNA/RNA, the protein itself can be a cancer biomarker. Traditional methods are 

immunological assays, such as enzyme-linked immunoabsorbant assays (ELISA) and 

immunophenotyping by flow cytometry. These techniques largely rely on the selectivity of 

antibodies and can be limited by tedious production, instability and difficult modification of the 

antibodies. Fortunately, the discovery of aptamer selection in 1990 [19,20], especially the 

proposed whole-cell-SELEX strategy [21], has brought an antibody mimic in the form of a 

nucleic acid aptamer into the research field of protein expression-based cancer diagnosis. 

Aptamers have rivaled antibodies in various cancer research, including cancer diagnosis, as a 

result of various merits, such as stability, the speed of probe discovery, and the ease and 

reproducibility of their synthesis and modification [22-24].  

Many examples have demonstrated how aptamers can be effective substitutes for 

antibodies. One such example is an aptamer-based new diagnosis technique, so-called enzyme-

linked oligonucleotide assay (ELONA) developed in 1996, which compete with traditional 
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antibody based ELISA [25]. In this ELONA method, the capture reagent remains a monoclonal 

antibody, while the detection antibody is replaced with a fluorescein-tagged hVEGF-binding 

aptamer. Measures of precision, accuracy, interference, and specificity showed that this aptamer-

based assay was equivalent to a typical sandwich ELISA assay. Later on, the aptamer was also 

shown to be a surrogate for the capture antibody [26]. In addition, aptamers, as recognition 

elements substituting for antibodies, are widely applied in flow cytometry [27], microscope 

studies [28], microarrays [29], and biosensors [30].  

Aptamers can also be superior to antibodies in some cases. As mentioned above, even 

within the same categories, multiple subsets of cancer with different clinical outcomes exist. 

Apart from gene profiling as a means of exploring differences at the molecular level, protein 

profiling can also help delineate unique fingerprints of tumor cells, especially considering the 

fact that it is the protein, not the gene, which eventually executes the cellular activities. The 

systematic production of a panel of antibodies for molecular profiling of cancer cells with 

unknown biomarkers has proved to be very difficult. Cell-based selection of aptamers, however, 

is able to generate multiple molecular probes for cancer cell identification and subcategorization 

[31-34]. Six aptamers, which were originally selected against two types of leukemia cells 

respectively, produced distinct binding patterns for different tumor cells. The differential binding 

of these aptamers among the T-ALL patient samples showed the ability of aptamers to 

distinguish molecular differences among patients with the same diagnosis by current technology 

[35].  

Ready synthesis and easy site-specific chemical modification of nucleic acid aptamers 

facilitate the integration of aptamer chemistry and nanotechnology into cancer research, 

including cancer detection. Some cancer cells, especially those in the early stages of disease, 
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may have a low density of biomarker target on the cell surface available for recognition. 

Therefore, to enhance the binding affinity and amplify the signal, multivalent binding, instead of 

single aptamer binding, is usually considered to be an effective approach. Owing to the large 

surface area and variable sizes, nanomaterials are particularly advantageous as multivalent ligand 

scaffolds. For example, one single Au-Ag nanorod (NR) 12 nm × 56 nm in size can incorporate 

up to 80 fluorophore-labeled sgc8 aptamers on the surface, leading to a 26-fold higher affinity 

and over 300-fold higher fluorescence signal [36].  Additionally, by virtue of the significant 

color change of gold nanoparticles resulting from overlapped surface plasmon resonances when 

they are in close promixity, a colorimetric assay for sensitive cancer cell detection was 

developed using aptamers conjugated with 50 nm gold nanoparticles [37]. This assay allows 

1000 target cells to be readily detected by the naked eye.  

Detection of cancer in the body fluids usually requires an enrichment step since the 

malignant cells are present at very low abundance in the body fluids. To meet this need, a novel 

aptamer-based two-nanoparticle assay was developed for the rapid collection and detection of 

leukemia cells from complex mixtures including whole blood samples [38]. In this assay, 

aptamer-modified iron oxide-doped silica nanoparticles provide enhanced extraction capability, 

while fluorescent dye-doped silica nanoparticles offer amplified signal intensity. Compared to 

immunophenotype and PCR methods, which usually take hours to complete, this assay was 

relatively fast (less than 1 hour). Furthermore, to realize the enrichment in the flow system and 

meet the potential goal for online targeted biological analysis, an aptamer-modified microfluidic 

device was developed to capture rare cells from a large amount of background cells without any 

need for sample pretreatment [39]. Even though antibody-coated microfluidic devices have been 

demonstrated for cancer cell enrichment [40], this aptamer-based microfluidic device is 
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envisioned to be a more manageable system because DNA-based devices can be stored for a long 

period of time and can be easily handled in clinical settings. 

Nucleic Acids for Cancer Therapy 

The application of nucleic acids in cancer therapy largely involves cancer gene therapy and 

anti-cancer treatment modalities.  

Most cancers are characterized by abnormal gene expression. Modulation of these 

abnormal genes, either by initiating or silencing gene expression, appears to be a rational 

approach to cancer therapy. Since the first human in vivo gene transfer study in 1989 [41], over 

900 clinical trials involving gene transfer have been approved by regulatory bodies worldwide 

[42,43]. Given the complex nature of cancer, many therapeutic strategies have been developed 

for cancer treatment. These strategies can be categorized into two main avenues: immunological 

and molecular [44].  

Cancer is immunogenic in nature; therefore, it can be targeted on the immunological level. 

Boosting the immune response against cancerous cells is usually achieved via genes encoding for 

immune stimulating molecules, such as cytokines [45]. Intensive research has focused on 

transfection with the interleukin-12 (IL-12) gene, which was demonstrated to play an important 

role in the induction of cellular immune responses. Complete tumor regression in rat animal 

models was observed in hepatocellular carcinoma and a denocarcinoma after successful IL-12 

gene transfection in the cancer cells [46,47].  

As an alternative approach, molecular targeted gene therapy aims to efficiently upregulate 

or downregulate the genes involved in the development of cancerous cell [44].Two main gene 

groups are oncogenes and tumor suppressor genes. Tumor repressor genes are growth inhibiting; 

however, the growth-suppressive function is generally lost with mutation. Thus, introducing 

wild-type tumor suppressor genes to the cancer cells is one of the most widely used methods in 
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cancer treatment [48]. Besides suppressing cancer development and progression, wild-type p53 

further confers chemo-sensitivity and radio-sensitivity upon tumor cells [49]. The combination of 

an adenovirus-carrying wild-type p53 gene (Ad-p53) and chemotherapy (Cisplatin) [50] or 

radiation [51] was reported to have promising clinical outcomes. Ad-p53 has been 

commercialized by Introgen Therapeutics, Inc. and has been approved as an orphan drug by the 

U.S. Food and Drug Administration. It is the first successfully approved tumor suppressor gene 

therapy [52]. 

On the other hand, oligonucleotides, which bind and subsequently inhibit oncogenes (i.e.,  

anti-oncogenes), can also be utilized in cancer therapy. Of the strategies available, the anti-

mRNA gene silencing approach has attracted much attention [53]. This strategy includes three 

types of agents: (1) single-stranded antisense oligonucleotides through Watson-Crick base 

pairing to inhibit the translation step of the protein synthesis [54]; (2) catalytically active 

oligonucleotides, such as ribozymes, and DNAzymes that possess inherent RNA cleaving 

activity [55] and (3) small interfering RNA (siRNA) molecules that induce RNA interference 

(RNAi) [5].  

As mentioned above, the structure of nucleic acid is antithetic to the properties of the cell 

membrane, thereby reducing the efficiency of nucleic acid’s self-delivery into the cell. To 

remedy this shortcoming, the use of viral or nonviral vectors or micro-/nano-particles is required 

[56]. In this concept, the therapeutic gene is either encapsulated inside the vehicle or complexed 

onto cationic particles which pass through the cell membrane barrier.  

Besides modulating gene activity, nucleic acid can also modulate the activity of proteins. 

This type of nucleic acid is again the province of aptamers. The concept that nucleic acid ligands 

could modulate the activity of proteins emerged from basic science studies of viruses and early 
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work in the field of gene therapy [57]. The observation that viruses use RNA ligands for their 

ends suggested that RNA ligands might also be useful for therapeutic purposes. After two 

groundbreaking studies [19,20], several RNA aptamers and, subsequently, some DNA aptamers 

were identified as therapeutic agents. Currently, several aptamers are now being evaluated in 

clinical trials, which are detailed in Table 1-1. Table 1-2 is provided to to help understand the 

differences between DNA and RNA aptamers.  

Despite being discovered less than two decades ago, an aptamer-based drug known as 

Macugen (or pegaptanib) has already received U.S. FDA approval for the treatment of age-

related macular degeneration [58,59].Among various therapeutic DNA aptamer agents, G-rich 

quadruplex-forming oligonucleotides particularly stand out. Nuclease susceptibility and 

inefficient cellular uptake have proved to be universal hurdles in the development of therapeutic 

oligonucleotides. However, G-rich quadruplex-forming oligonucleotides have demonstrated 

outstanding biostability and cellular uptake. 

Some aptamers were never developed from SELEX, but have earned that name because of 

their activities arising from binding to protein targets via shape-specific recognition. This type of 

aptamer is also coined as decoy.  One of successful DNA aptamer is AS1411, formally AGRO 

100, the first nucleic acid-based aptamer tested for cancer treatment in humans, was subjected to 

phase II studies for the treatment of AML in 2007 and renal cell carcinoma in 2008 [60]. To 

explain the tumor-selectivity of AS1411, the proposed binding target, nucleolin, was reported to 

be selectively expressed in cancer cells compared to normal cells; therefore, AS1411 can 

specifically target cancer cells [61]. More recently, AS1411 has served as a template for the 

synthesis of stable PbS and FeO nanocrystals, while retaining selective recognition and 
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therapeutic targeting to cancer cells with 3-4 times enhanced efficacy in proliferation reduction 

of MCF-7 breast cancer cells  compared with DNA aptamers without nanocrystals [62].  

Table 1-1.  Aptamers in the clinical pipeline (summarized from corresponding developer 
company websites) 

Aptamer 
candidate  Target/indication  Developer  Clinical phase  Type  

Macugen 
(pegaptanib)  

VEGF/AMD  Eyetech(Cedar 
Knolls, JN, USA) 

FDA approved  RNA  

Edifoligide(E2F 
decoy)  

E2F/CABG surgery Anesiva (formerly 
Corgentech, San 
Francisco, CA, 
USA)  

No better than 
placebo in Phase III  
  

RNA  

Avrina(NF-κB 
decoy)  

NF-κB/eczema  
 

Anesiva (formerly 
Corgentech, San 
Francisco, CA, 
USA)  

Phase III  
 

 ds DNA  
 

AS1411  
 

Nucleolin/anticancer 
(AML, renal cell 
carcinoma)  

Antisoma (Lodon, 
UK)  

 Phase II  DNA  
 

REG1  
 

FIX/arterial thrombosis  
 

 Regado 
Biosciences 
(Durham, NC, 
USA) 

Phase II  
 

 RNA  
 

REG2  
  
 

FIX/venous thrombosis  
 
 

 Regado 
Biosciences 
(Durham, NC, 
USA) 

Phase I  
 

 RNA  
 

ARC 1779 
(TMA/TTP)   
 

Vwf/TMA, TTP, CEA  Archemix 
(Cambridge, MA, 
USA)  

Phase II  
 

DNA/RNA  
 

ARC183  
 

Thrombin/ anticoagulation  
 

Archemix 
(Cambridge, MA, 
USA)  

Phase I completed, 
not in development  

DNA  
 

NU172 
(ARC2172)  
 

Thrombin/anticoagulation 
(PCI, CABG)  
 

Nuvelo/Archemix 
(San Carlos, 
CA/Cambridge, 
MA, USA)  

Commence a Phase II 
study  
 

 DNA  
 

E10030  
 

PDGF-B/wet AMD  
 

Ophthotech 
(Princeton, NJ, 
USA)  

Phase I  
 

DNA  
 

ARC1905  
 

C5/ wet and dry AMD 
 

Ophthotech 
(Princeton, NJ, 
USA) 

Phase I 
 

RNA  
 

NOX-E36  
 

MCP-1/ chronic 
inflammation  

NOXXON (Berlin, 
Germany)  

Phase I  L-RNA  
 

NOX-E12  
 

SDF-1/autologous stem 
cell transplantation  

 NOXXON (Berlin, 
Germany)  

Commence a phase I 
study  

 L-RNA  



 

29 

Table 1-2.  Comparison between DNA and RNA aptamers 
Properties  DNA aptamer  RNA aptamer  
Degradation susceptibility  Moderate  High  
Easy synthesis and modification  Yes  No  
Directly used in in vivo  Possible  No  
Storage   Easy  Hard  
Steps in one SELEX cycle  Moderate  Long  
Cost of SELEX procedure  Moderate  High  
Cost of bulk production  Moderate  High  
Applied to whole cell-SELEX  Yes  No  
Diversity of 3D structure and functionality  Moderate  High  
Possibility to be expressed by cell  No  Yes  
Binding affinity  Comparable  Comparable  
Immunogenicity and toxicity Not observed  Not observed 
 

 

Another type of emerging application of nucleic acids in anti-cancer therapy results from 

the utility of nucleic acid aptamers as targeting ligands for diseased cells. This means that 

aptamers function only as recognition ligands to cancer cells. This is especially significant in 

relation to the whole-cell-SELEX strategy proposed by the Tan group in 2006 [31]. Since that 

time, the group has generated a pool of DNA aptamers for various types of cancer cells, 

including lymphocytic leukemia, myeloid leukemia, liver cancer, small cell lung cancer and non-

small cell lung cancer [32-35,63,64]. Additionally, using a similar strategy, DNA aptamers for 

stem cells [65] and live bacteria cells [66] have been developed in other laboratories over the 

past year. 

DNA aptamers can be easily conjugated with therapeutic molecules and applied to targeted 

drug delivery by virtue of the aptamer’s excellent targeting ability. For instance, covalent linkage 

of the anti-tumor drug doxorubicin (Dox) to aptamer sgc8c can kill the target CCRF-CEM (T-

cell acute lymphoblastic leukemia (T-ALL)) cells, yet with minimal toxicity towards nontarget 

cells [67]. The results demonstrated that the sgc8c–Dox conjugate possesses many of the 

properties of the sgc8c aptamer, including high binding affinity and the capability to be 



 

30 

efficiently internalized to endosomes by target cells. Moreover, the adopted conjugation method 

allows an acid-labile linkage connecting the sgc8c–Dox conjugate, to be cleaved inside the acidic 

endosome. This further facilitates released Dox for rapid transport to the nucleus to interrupt the 

growth of target cells. It is noteworthy that nonspecific uptake of membrane-permeable Dox to 

non-target cell lines could also be inhibited by linking the drug with the aptamer. With a growing 

numbers of selected aptamers, we foresee that this drug-aptamer conjugation strategy will have 

broad implications for targeted drug delivery. Additionally, aptamers have been reported to 

delivery phototherapeutic drugs [68,69] and lysosomal enzymes [70] to the target cells in a 

selective manner. 

More recently, aptamers have begun to find applications at the interface of nanotechnology 

and medicine in the form of aptamer-nanoparticle conjugates. On one hand, the high surface 

areas of nanoparticles offer excellent platforms for multiple aptamer conjugation. On the other 

hand, empty interiors render excellent places to house high amounts of drug molecules for 

enhanced loading efficiency. Research progress in the integration of RNA aptamers with 

nanotechnology (e.g., PSMA aptamer integrated with PLGA nanoparticles) has been 

summarized in a recent review [71]. Thus, only DNA aptamer-nanoparticle conjugates for cancer 

treatment will be examined here.  

Nanoparticles can be utilized as a platform for the immobilization of multiple aptamers to 

generate a multivalent nanoconjugate. For example, we once constructed an aptamer 

nanoconjugate using Au-Ag nanorods (NRs) [36,72]. These aptamer-NR conjugates were then 

used as effective therapeutic agents for targeted photothermal cancer cell destruction [72]. Either 

in a mixed-cell suspension or in a solid tumor, target cells are severely damaged when exposed 

to near-infrared laser light with specific intensity and duration. Another interesting vehicle 
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constructed recently is a viral capsid DNA-aptamer conjugate [73]. By a chemoselective 

oxidative coupling reaction, up to 60 sgc8c aptamer strands can be attached to each viral capsid. 

However, since this system has been tested only with a strong binder, sgc8c, it remains unknown 

whether this nanomaterial can enhance the binding affinity of low-affinity aptamers. The utility 

of its interior for loading anti-cancer drugs is under investigation. 

In addition to enhanced binding affinity, hollow nanoparticles are envisioned to be 

beneficial for efficient drug loading. Among various drug delivery systems, the liposome-based 

system is one of the most established technologies, particularly due to its well-documented low 

cytotoxicity. Although a number of liposome-based systems have been approved by the U.S. 

Food and Drug Administration for clinical use [74], it was not until early this year that the 

successful application of aptamers with a liposome delivery system was first published by Lu 

group [75]. Tests in culture cells yielded promising results. Four days after cells were exposed to 

the drug delivery system, 59.5 percent of the cancer cells had died, while less than 12 percent of 

cancer cells treated with cisplatin alone had died. AS1411, a therapeutic aptamer described 

above, was their adopted aptamer. Even though it was reported to be directly cytotoxic toward 

[61], only its cancer recognition ability was utilized for this aptamer-liposome system since 

much lower aptamer concentration was used. Under experimental conditions, it was claimed that 

the aptamer-liposomes containing no cisplatin showed no noticeable cell death, with a viability 

of about 97.8% at day 4. Even more interesting, simply by adding a piece of complementary 

DNA (cDNA) to this G-quadruplex aptamer as the antidote, the aptamer’s targeting capability 

was reversed and, as a result, drug delivery was terminated. 

Although studies  have been ongoing for less than two decades, the results obtained for 

aptamers, combined with intrinsic properties and diversified selection protocols, have been 
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promising, particularly in the field of anti-cancer therapy. The emerging integration of aptamers 

and nanotechnology is envisioned to open up a huge potential for numerous clinical applications. 

A this time, the potential of aptamers as targeting ligands for both disease diagnosis and 

treatment is yet to be fully appreciated, but the new aptamer selection protocols, especially 

whole-cell-SELEX, which can generate ligands to distinguish diseased from normal cells without 

prior knowledge of target molecules, is expected to produce more versatile target-specific 

molecules. The availability of new aptamers will further stimulate new diagnostic and 

therapeutic nanotechnologies in the near future.  Meanwhile, we should collectively realize that 

aptamer research, compared with antibody studies, is still in its infancy. Nonetheless, aptamers 

have already met several challenges, such as development of techniques for reducing the cost of 

modified aptamers for large-scale production, target molecule identification, biological function 

study and biomarker validation.  

Nucleic Acids for Cancer Intracellular mRNA Study 

Messenger RNA (mRNA) encodes the gene information from DNA and then decodes it 

into protein.  The ability to detect and visualize target mRNA in living cells in real-time can offer 

tremendous opportunities for medical diagnostics, disease studies and drug discovery. Currently 

there are many traditional methods available for mRNA measurement, including reverse 

transcriptase polymerase chain reaction (RT-PCR) [76], gene chips [77], northern blot analysis 

[78] and fluorescence in situ hybridization (FISH) [79]. All of the above methods require 

destruction of the cells, which poses a hindrance to real-time tracking in living cells. Therefore, 

new analytical approaches to identify and quantify cellular mRNA in real-time are highly 

desired.  

Molecular beacons (MBs) have offered a promising approach to intracellular biomolecular 

monitoring. MBs, developed in 1996 [80], are short hairpin oligonucleotide probes with one 
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fluorophore and one quencher flanking at each end, as shown in Figure 1-3. The loop sequence is 

designed for the target recognition and two stems are arranged to bring two chromophore 

moieties into close proximity.  In the absence of target, the MB is closed, causing the quenching 

of fluorophore by energy transfer. Upon hybridization with its target, MB restores its fluorophore 

signal due to the increased space separation resulting from the spontaneous conformation 

change. 

 
 
Figure 1-3. Working principle of MBs.  

Basically, MBs integrate the recognition component for detection with the signal 

transduction component for readout. When designing MBs for intracellular mRNA monitoring, 

the selection of an appropriate region in mRNA as the target is the first critical step. To be 

accessible to the probe, the target sequence can not lie within a tight secondary structure or be 

bound to proteins. Additionally, the target region must have a unique sequence in order to 

guarantee the selectivity of the probe to this particular target mRNA. To achieve low probe 

background with the absence of the target, it is necessary to obtain a stable closed form. Thus, 

two stems, usually four to seven base pairs long and with high GC content (usually higher than 

65%), are required to flank at each end of the loop portion.  

The unique structural and thermodynamic properties of molecular beacons endow them 

with two important advantages for the intracellular monitoring. First, the light switching signal 
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transduction method allows MBs to detect intracellular targets without any further separation 

requirement, which is extremely useful for real-time detection. Second, MBs have an excellent 

capability to differentiate perfectly matched targets from those with single-base mismatches. 

These two properties make MBs promising tools for real-time intracellular mRNA monitoring. 

However, the use of MBs for intracellular monitoring still has several limitations, mostly 

arising from the issues of signal and background, the two fundamental problems for intracellular 

biomolecular detection. One of the biggest challenges is biostability. Free DNA degrades after 

only 15-45 minutes in the cellular environment [81]. Besides that, DNA probes can be 

structurally disrupted by nonspecific protein binding [82]. As a consequence, MBs can yield 

false-positive signals. Another challenge is low sensitivity. Although it has been reported that 

MBs can detect as low as 10 copies of mRNA sequences [83], most biomolecular targets are 

mainly highly expressed biomolecules or some stimulated biomolecules resulting from several 

factors [84,85].  

To address these problems for intracellular application, several modifications and new 

approaches have been developed. In terms of biostability, some nuclease-resistant building 

blocks were attempted in MB design, such as phosphorathioate [86,87], 2’-O-methyl RNA bases 

[88] and peptide nucleic acids (PNAs) [89].  However, phosphorathioate oligonucleotides have 

toxicity problems [90]. Also, 2’-O-methyl MBs can open up nonspecifically in cells as a result of  

protein binding, thus slightly reducing target specificity [91]. PNA-containing oligonucleotides 

tend to aggregate and fold in a way that interferes with duplex formation by their neutral charges 

[92]. On the other hand, locked nucleic acid (LNA) MBs demonstrate a promising candidates for 

intracellular detection [93]. The methylene bridge connecting the 2’-oxygen and the 4’-carbon of 

the ribose makes the structure of LNAs more rigid than DNA bases.  This endows fully modified 
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LNA MBs with many advantages, including resistance to nuclease degradation, immunity to 

nonspecific protein binding and excellent specificity. However, fully modified LNA MBs LNAs 

suffer from extremely slow hybridization rates, posing an obstacle to real-time detection [93]. 

Therefore, the design of MBs using non-standard bases has not yielded practical molecular 

probes for intracellular monitoring. Chapter Three in this dissertation will describe the proposed 

solution later. Additionally, the use of gold nanoparticles was reported to greatly decrease the 

degradation of DNA MB modified on their surface [94]. However, the relevant protection 

mechanism was not discussed. A recent study reported that quantum dot (QD)-conjugated MBs 

demonstrated better resistance to nonspecific interactions with both single-stranded DNA 

binding (SSB) proteins and endonucleases than free MBs, while free MBs shared the same 

immunity to the digestion from exonucleases [95]. Thus, the authors claimed that SSB proteins 

and endonucleases could both be responsible for generating false-positive signals. Although SSB 

proteins and nucleases also present in the cytoplasm, there are fewer DNA-protein interactions in 

the cytoplasm than in the nucleus [87]. This report indicates that preventing nucleus 

accumulation by nanomaterials could be an alternative way to avoid false positive signals and 

improve the signal-to-background ratio, especially considering that the background yielded from 

the active nonspecific interactions inside the nucleus accounts for a significant portion of high 

background intensity. 

In terms of sensitivity, dual fluorescence resonance energy transfer (FRET) molecular 

beacons were designed so that two beacons bind side-by-side with a donor dye and an acceptor 

dye in close proximity. These can substantially reduce the background signal caused by 

nonspecific binding and degradation [96]. Modified quenched auto-ligation probes (QUAL) 

using a universal linker amplified the signal and reduced the background susceptibility to 
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nonspecific signals. With this probe, nearly 100 signals per target were observed [97]. 

Superquencher MBs with multiple quenchers greatly suppressed the background as a result of 

the more efficient quenching [98]; however, their sensitivity inside living cells is yet to 

determined. QD, as a semiconductor nanoparticle which can emit very intense light, was once 

pursued by a group of people as a means to achieve high sensitivity of MBs. However, based on 

the data from currently reported QD-conjugated MBs, this goal would not be easy to realize 

because of incomplete quenching of the QD in the closed form of MB [95,99].  

In addition to these two limitations, extremely low self-delivery efficiency into the cells is 

another pressing challenge for MBs. To ensure that enough probes perform their functions inside 

cells, an efficient delivery method is necessary. There are currently several delivery methods 

available for MBs, including use of microinjection, cell penetration peptide, streptolysin O, and 

electroporation, but they all have limitations [100]. Microinjection is the most popular method 

[101], but it demands high skills and is tedious, inefficient and impractical for high-throughput 

gene analysis. Cell penetration peptide can also deliver MBs into various types of cells 

efficiently [102], but its usage is limited by high cost. Streptolysin O permeabilizes cells by 

reversibly forming pores on the cell surface [96], but it is a toxin and would be harmful to the 

cells. A less popular method, eletrophoration, applies an electric field to generate transient 

permeabilization of the plasma membrane, but it suffers from low cell viability. Therefore, a 

delivery system which can realize high-throughput gene analysis, as well as provide protection to 

DNA-MBs during an entire delivery process, would be useful. 
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Other Dissertation-Related Subjects 

Nucleic Acid 

In order to help further understand the properties and related applications of nucleic acids, 

the chemical synthesis of nucleic acids and one nonstandard base, locked nucleic acid, are 

reviewed in the following section. 

Chemical synthesis of nucleic acids   

The discovery of the double helix structure of DNA by Watson and Crick [3] provided the 

impetus to attempt the challenging synthesis of oligonucleotides, which are nucleic acids with 

defined sequences. Since the first attempt in 1955 [103], the procedures for oligonucleotide 

synthesis have been continuously developed and optimized. Instead of a difficult and tedious task 

for only the most dedicated chemist, the current oligonucleotide synthesis is as easy as simply 

pressing a few buttons. By virtue of this automated oligonucleotide synthesis and easy 

modification, nucleic acid, with its inherent recognition ability, has become an ideal building 

block for a broad spectrum of applications. 

With its high capability to synthesize long oligonucleotide strands with various 

modifications in high yields, the phosphoramidite method is the most commonly used synthesis 

method [104]. To appreciate phosphoramidite chemistry, it is necessary to understand the two 

key components that ensure successful synthesis: solid-phase supports and functional groups. 

The ideal solid-phase support used to anchor synthesized oligonucleotides 1) should have a 

uniform surface structure with pores large enough to contain the desired oligonucleotide, 2) 

should not possesss any surface functionality that may produce unwanted side products, and 3) 

should be available as uniform particles [105]. A solid controlled-pored glass (CPG) support is 

currently the most suitable and most widely used for oligonucleotide synthesis. To achieve rapid 

and highly efficient coupling reactions, functional groups on the phosphoramidites have been 
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carefully designed [106]. As illustrated in Figure 1-4, one typical phosphoramidite is composed 

of several different protection groups. The first and most critical functional group is a 

diisopropyl phosphoramidite group attached to the 3’-hydroxyl of a nucleoside, resulting in a 

nucleoside phosphoramidite, which ensures efficient coupling. To prevent side reactions during 

synthesis, primary amines of nucleotide bases are blocked by specific protection groups which 

are basic sensitive (as shown in Figure 1-4), so that they can be effectively removed by strong 

bases. On the other hand, the 5’-oxygen of the deoxyribose is capped by a dimethoxytrityl 

(DMT) group, which is acid labile and can selectively activate the 5’-hydroxyl under acidic 

conditions. Additionally, the phosphate group is protected by a base-labile 2-cyanoethyl group.  

Although different modifier phosphoramidites, like fluorophore and spacer, may recruit slightly 

different protection groups for a certain moiety, they all share similar design strategy. This 

strategy is also applied to the homemade phosphoramidites [107].  

 
 
Figure 1-4. Typical structures of a protected phosphoramidite and four protected nitrogeneous 

bases.  

Unlike enzymatically controlled synthesis, DNA chemical synthesis starts from 3’ to 5’. 

The synthesis cycle starts with a column containing a CPG support where the 3’-hydroxyl of the 
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first nucleoside is attached through a long spacer arm. This support allows excess reagents to be 

removed by filtration and eliminates the need for purification steps during the synthesis process. 

The synthesis cycle involves four chemical reaction steps: detritylation, coupling, capping and 

oxidization (Figure 1-5). For each repetition of the phosphoramidite cycle, one new 

base/modifier is added to the growing sequence until the desired sequence has been completed.  

 
Figure 1-5. Automated oligonucleotide synthesis process by phosphoramidite chemistry. 

In step 1, detritylation, the DMT group is removed to activate the 5’-hydroxyl at the end of 

a glowing oligonucleotide chain attached to the CPG by flushing with a dilute acid solution, 
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either dichloroacetic acid (DCA) or trichloroacetic acid (TCA) in dichloromethane (DCM), 

through the reaction column.  After washing away the excess acid, the 2nd step, coupling, takes 

place in which a phosphoramidite derivative of the next nucleotide is added to the column 

together with a weak acid, tetrazole. In this step, the diisopropylamine group on the 3’ 

phosphorous in the coming nucleotide is protonated by tetrazole, resulting in a very good leaving 

group, which subsequently undergoes nucleophilic attack by the activated 5’ hydroxyl group to 

form a phosphite triester linkage. Upon the completion of the coupling reaction, the column is 

washed to remove any unbound reagent and by-products, and then capping (step 3) is required. 

Since every coupling yield cannot reach 100%, there is always a small percentage of unreacted 

5’-hydroxyl groups remaining on the support. This must be permanently blocked from further 

chain elongation to prevent formation of oligonucleotides with an internal base deletion. Capping 

is accomplished by acetylation of the bare 5’-hydroxyl group using a mixture of acetic anhydride 

and 1-methylimidazole. The capping step is followed by oxidation step (step 4) in which the 

newly formed phosphite triester is converted to a more stable pentavalent phosphate trimester, 

using iodine and water in the presence of a weak base, like pyridine. After this four-step cycle, 

the product is extended with a new base and is ready for a new round of conjugation. 

After the synthesis is complete, the fully-protected oligonucleotide product must be 

cleaved from the solid support and deprotected. The deprotection method varies according to the 

combination of functional groups involved during the whole synthesis. Meanwhile, the 

deprotection method is also required to be compatible with the intended following purification 

techniques. For example, reverse phase HPLC is commonly used to separate the desired product. 

For this technique, the terminal 5’-DMT group can serve as a hydrophobic handle to facilitate the 

separation, so that the selected deprotection condition should be able to retain the DMT at the 
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end of the sequence while removing all the protection groups in the other moieties. In this case, 

basic conditions are usually used.   

By converting into appropriate phosphoramidite derivatives, various species like 

fluorophores, quenchers, functional groups and linkers can be introduced into any desired 

position in an oligonucleotide sequence. Moreover, post-synthesis coupling can always be an 

alternative option for labile molecules which cannot survive the DNA synthesis process. This 

freedom to assemble different blocks into a nucleic acid sequence makes nucleic acid a superior 

building block to construct interesting tools for cancer research.  

Locked nucleic acids 

The three components of a nucleotide (a nucleobase, a sugar, and a phosphodiester 

linkage) have been prime targets for chemists to modify the natural nucleic acids [108,109]. The 

object is to overcome the limitations of natural nucleic acids, thereby facilitating the ease of 

processing oligo synthesis, enhancing affinity and selectivity, increasing nuclease resistance, 

improving thermodynamic properties, and furnishing the ability to cross biological membranes 

[110]. Locked nucleic acid (LNA) is one such product resulting from the modification of the 

sugar.  

In 1997, an LNA, a ribonucleotide derivative with conformationally locked C3’-endo sugar 

conformation, was synthesized [111,112]. The first LNA monomer was based on the 2’-O-CH2-

4’ bicyclic structure which is now called the oxy-LNA (later termed LNA). Right after the 

discovery of the oxy-LNA, the bicyclic furanosidic structure was chemically modified, then the 

2’-S-CH2-4’ (thio-LNA) and the 2’-NH-CH2-4’ (amino-LNA) bicyclic analogues[113,114], 

finally a series of LNA diastereoisomers [115-122] were prepared. All those LNA analogues are 

grouped into LNA family (Figure 1-6). While this work focuses on the structures of LNA which 
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have been mostly studied, several recent reviews of LNA [122-125] will provide more 

comprehensive coverage.  

 

 

Figure 1-6.Chemical structure of LNA family[110]. 

According to the strict definition, an LNA is an oligonucleotide that contains one or more 

LNA monomer(s) [2’-O, 4’-C-methylene-ß-D-ribofuranosyl monomer (s)]. The LNA monomer 

is bicyclic where a ribonucleoside is linked between the 2’-oxygen and the 4’-carbon atom with a 

methylene unit [111,112]. Molecular modeling has predicted that bicyclic LNA nucleoside 

monomers should be favorably preorganized in an N-type conformation, lead to the possible 

formation of entropically favored with complementary DNA and RNA. X-ray crystallographic 

studies and NMR investigations confirmed that the LNA monomers adopt N-type sugar puckers 

with C3’-endo (3E, P =170) conformation [111,112,126]. Thus, LNA is an RNA mimic, which, 

so far, has the highest affinity towards RNA. 
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Because the structures of LNAs are close to those of native nucleic acids, their 

characteristics are also similar. LNA duplexes display the features in common with those of their 

native nucleic acid anologues: Watson-Crick base pairing, nucleobases in the anti orientation, 

base stacking, and a right-handed helical conformation. Additionally, LNAs are soluble in water, 

making it possible for biological applications. Furthermore, LNA oligonucleotides can be 

synthesized using conventional phosphoramidite chemistry, thus allowing automated synthesis 

(Proligo http://www.proligo.com; Exiqon A/S http://www.exiqon.com ). Moreover, LNA/DNA, 

LNA/RNA, LNA/phosphorothioate, LNA/2’-O-Me-RNA chimera can also be synthesized in an 

automated manner. Finally, because of their charged phosphate backbone, LNAs can be 

delivered into cells using cationic transfection vectors [127,128]. The LNAs’ locked ring also 

overcomes some limitations of native nucleic acids.  For example, LNA oligonucleotides are 

stable toward degradation by 3’-exonuclease [129]. Besides that, LNAs were demonstrated to 

have unprecedented thermal stabilities towards complementary DNA and RNA 

(ΔTm/modification = +3 to +5 0C towards DNA and +4 to +8 0C towards RNA) [118,130]. Both 

properties indicate considerable promise in diagnostic and therapeutic applications. The 

exceptional stability of the LNA-modified duplexes is a function of the quenching of concerted 

local backbone motions (preorganization) by the LNA nucleotides in ssLNA, as a result, the 

entropy loss on duplex formation is reduced and the stacking of the nucleobases is more efficient 

[131]. Moreover, such analogues are typically more resistant to biodegradation and can therefore 

be used advantageously as tools in antisense or siRNA research [132]. Additionally, unlike some 

other sugar-modified oligonucleotide analogues, such as p-RNA or homo-DNA, LNAs can 

communicate with natural nucleic acids. These characteristics offer LNAs widespread 

applications in bioanalytical and biomedical research [123].  

http://www.proligo.com/�
http://www.exiqon.com/�
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Nucleic Acid Aptamers 

As decribed above, aptamers are single-stranded oligonucleotides that fold into unique 

three-dimensional structures, allowing them to bind specifically to a broad spectrum of target 

molecules. As mimics of antibodies, aptamers are able to recognize targets with high specificity 

and are able to carry therapeutic agents directly to solid tumor masses or individual cells. Since 

their discovery in the early 1990s [19,20], aptamers have been hailed as novel biological 

molecules capable of slowly replacing antibodies.  

Besides recognition ability, aptamers are potentially useful as pharmaceutical agents due to 

their ability to modulate the activities of proteins implicated in pathological conditions. 

Numerous aptamers have been developed as therapeutic agents [57,133,134]. Despite being 

discovered less than two decades ago, an aptamer-based drug known as Macugen or 

pegaptanib has already received U.S. FDA approval for the treatment of age-related macular 

degeneration [58,135]. Up to now, aptamers have been used for numerous applications, including 

sensing, separation, diagnostics, and therapeutics [22-24].  

Systematic evolution of ligands by exponential enrichment (SELEX) 

The method by which aptamers are selected, Systematic Evolution of Ligands by 

Exponential enrichment (SELEX), was independently introduced by the Gold [19] and Szostak 

[20] groups. In general, SELEX is a combination of in vitro evolution and combinatorial 

chemistry, involving a series of steps, including incubation, partitioning and amplification. 

The process starts with the design of a large nucleic acid library pool created by solid 

phase technology. It is essential that this pool contain at least a few molecules having the unique 

conformations required to facilitate selective binding with the target.  To accomplish this, the 

initial library sequence is randomized from 22 to 100 nucleotides in length (1015 different 
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oligonucleotide molecules for 40 random nucleotides), flanked at either side by pre-defined 

primer binding sites for polymerase chain reaction amplification (PCR). 

In a typical round of SELEX, the first step involves incubating the library with the target 

under a defined buffer condition. During incubation, some sequences of the library will bind to 

the target molecule tightly, but other sequences will only bind weakly and a majority of the 

initial sequences do not bind to their target at all. A second step is therefore required to 

physically separate the binder: target complexes from unbound or weakly bound sequences, 

partitioning true binders from the others. The success of the entire process depends on this step, 

since separation results in the differentiation of different binders. Therefore, if the technique can 

eliminate most of the weak or non-binding aptamer molecules, while retaining those tightly 

binding to their target, then PCR will amplify mainly the tight binders. As a consequence, the 

enrichment process can be achieved rapidly with fewer rounds of selection. After separation, the 

high affinity sequences are eluted from the target molecules and then enzymatically amplified by 

PCR to generate a new DNA pool for the next round of SELEX. To speed up the selection 

process and ensure that the successful aptamer sequences are, in fact, high affinity binders, the 

stringency of the binding conditions (e.g. shorter incubation time, lower concentration of DNA 

pool) and/or elution conditions is generally increased during the later rounds. If, however, the 

conditions are too harsh, there is a risk of losing binders in the earlier rounds, which will result in 

failure of selection. Typically, it takes around 20 rounds of SELEX to obtain aptamer sequences 

with good affinity (for protein selection, the process would be shorter, generally around 10 

rounds). After selection, the resulting oligonucleotides are subjected to DNA sequencing. The 

sequences corresponding to the initially variable region of the library are screened for conserved 

sequences and structural elements indicative of potential binding sites. Finally, the binding 



 

46 

potency of the aptamer candidates is verified. Despite it has been almost 20 years away from the 

first aptamer discovery, most aptamers are still selected by this traditional methodology. 

However, the involved technologies can vary from traditional capillary electrophoresis, flow 

cytometry to most recent microfluidic channel [136]. The overall goal for various selection 

approaches remain the same, that is to increase the selection efficiency with reduced time and 

process while fishing for ligands which bind to targets with high specificity and affinity. 

 
Figure 1-7. Schematic presentation of a typical whole-cell-SELEX process. 

Based on this process, the Tan group recently developed a whole-cell-SELEX strategy to 

generate a panel of aptamers for specific diseased cells[31]. The cell-SELEX process, which is 

illustrated in Figure 1-7, can be performed without any prior knowledge about the target. Similar 

to the SELEX method, as outlined above, cell-SELEX also involves the same series of steps, 

including incubation, elution and amplification. However, cell-based SELEX differs in that a 

counter selection is introduced after a positive selection by performing similar incubation steps, 
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but with a negative cell line. By doing so, the common binders for regular receptors on the cell 

membrane are subtracted away from the resulting pools. Thus, the probability of recognizing 

unique molecules exclusively expressed in the target cancer cells is greatly enhanced. As 

discussed above, cancers originate from mutations of human genes, and these genetic alterations 

cause molecular changes to diseased cells, resulting in changes in cell morphology and 

physiology.  As such, the rational selection of aptamers must take into consideration the 

identification of molecular differences between normal and tumor cells, and discriminate among 

tumor cells of different classifications, at different disease stages, or from different patients. This 

blind selection strategy is, moreover, an interesting method by which potential disease 

biomarkers can be discovered by identification of the aptamer’s binding targets [137,138].  

Aptamers and antibodies   

As described above, nucleic acid based aptamers can perform as specific recognition 

molecules, just like antibodies. However, compared to antibodies, aptamers possess several 

inherent advantages [139-141]. As listed in Table 1-3, aptamers can be selected within two 

months by virtue of the automated synthesis and in vitro SELEX process, while antibody 

selection requires a time-consuming in vivo process involving animal models. This, in turn, 

requires that antibodies be generated under physiological condition, limiting their targets to 

extraceullar molecules which cannot be toxic to the host animal. On the contrary, versatile 

artificial conditions can be used in aptamer selection, and both extracellular and intracellular 

molecules can be its targets without any additional toxicity concerns. Although the binding 

specificity and affinity of aptamers are comparable to those of antibodies, aptamers have much 

higher inhibitory potential and much lower immunogenicity and toxicity when compared to 

antibodies. Unlike antibodies, aptamers are smaller in size and molecular weight, allowing 

higher penetration to the tissue and, as a consequence, allowing the delivery of therapeutic agents 
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to the tumor sites more efficiently. The aptamer’s small size also allows rapid renal clearance 

from the system, thus reducing toxicity to healthy tissues. Automated synthesis permits aptamers 

to be easily reproduced with little variation, and further modification can be performed for 

various applications or, in the alternative, simple adjustments to the kinetic parameters can be 

made. Finally, aptamers are stable and chemically robust, enabling them to retain their activity, 

even after exposure to heat and denaturants.  

Table 1-3.  Comparison of aptamer and antibody’s properties [139-141] 
Features  Aptamer  Antibody  
Production  < 8 weeks (automated, in 

vitro)  
> 10 weeks (in vivo)  

Selection conditions  Versatile  Only physiological 
condition  

Target space  Extra- and intracellular 
proteins 

 Extracellular proteins  

Selection toward toxic subjects  No  Yes  
Immunogenicity and toxicity  None observed   Immune reactions observed  
Molecular weight  5-25 kDa  150 kDa  
Batch to bacth variation  No  Yes  
Convenient chemical modification  Yes  No  
Kinetic parameters (on/off rate)  Can be changed  Can not be changed  
Inhibitory potential  High  Low, 1 out of 200  
Shelf life  Long  Short  
Physicochemical stability  Stable   Labile  
Binding affinity  High  High  

 

Given that aptamers mimic and extend many of the features of antibodies, a similar or 

faster development of commercial applications of aptamers in the coming few years is certain.  

Micelles 

Versatile nanomaterials have been successfully integrated into different aspects of cancer 

research, and micelle are one such interesting nanomaterial [142]. The usages of micelles in 

cancer research can be largely divided into two areas: separation [143] and delivery [144-146]. 

In this section, some basic knowledge of micelles will be presented. 
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Figure 1-8.Molecular structure of phosphatidyl choline. 

A micelle is a dynamic species consisting of aggregated surfactant molecules in a liquid 

colloid. Surfactants are amphiphilic molecules which contain both hydrophilic (water-attracting) 

and hydrophobic (water-repelling) portions. Figure 1-7 illustrates one example of phospholipids 

(the most common cell membrane lipids), phosphatidyl choline. Based on the charge 

characteristics of their hydrophilic head groups, surfactants are generally classified into three 

types: cationic, anionic and zwitterionic surfactants. The hydrophobic tail portion of the 

surfactant can be a linear or branched hydrocarbon chain (seven to twenty-one carbons), or even 

an aromatic ring structure.  

Amphiphilic surfactant molecules exist as discrete monomers in a very dilute solution, and 

they will not aggregate into micelles until the concentration reaches a breaking point called the 
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critical micelle concentration (CMC). It is not uncommon to obtain slightly different CMC 

values if different measurement methods are adopted [147].  Additionally, some factors, such as 

temperature and the presence of salt and organic molecules, can change the CMC value of the 

micelles through the interaction with water [148]. 

Table 1-4. The relationship between the molecular packing shape, packing parameter and lipid 
aggregation structures (modified from ref 149). 

Critical packing shape Packing parameter Aggregation structure 

 Cone 

< ⅓ 

Shperical micelle 

Trucated cone 

⅓ - ½ 

Wormlike micelle 

Cylinder 

½ - 1 

 Bilayer, vesicles 

Inverted (tracated) cone  

>1 

 Inverted micelle 
 

As presented in Table 1-4, the geometry of a micelle can vary from bilayer to sphere, 

depending mainly on the packing parameter, P, defined as follows [149]: 

 

in which V is the volume of the hydrocarbon part of the lipid, l is the chain length of the 

lipid tail, and S0 is the mean cross-sectional surface area of the head group. When P is smaller 

than ⅓, the lipids aggregate into spherical micelles; when P is between ⅓ and ½, the aggregation 

will form wormlike micelles. A P value between ½ and 1 indicates the formation of a bilayer, 

while inverted micelles form when P is larger than 1 (see Table 1-4). However, regardless of 



 

51 

which structure the lipids adopt, nonpolar hydrocarbon portions of each lipid are aggregated 

while the polar head groups are in contact with water. The hydrophobic force is demonstrated to 

be the major thermodynamic driving force to stabilize the hydrated lipid aggregate [149] while 

the van der Waals forces between hydrocarbon chains and hydrogen bonding between the polar 

head groups also play a role. 

Flow-Cytometric Analysis of Aptamer Binding with Cells  

The abnormal growth of cancer cells may interfere with the natural expression of the cell 

surface markers, resulting in an over-expression or under-expression of some markers. To 

distinguish among diseased cells and healthy cells, flow cytometry is the popular technique to 

use for immunophenotyping. It is unsurprising that flow cytometry can also be applied to 

evaluate the binding ability of fluorophore-labeled aptamers to the cells by virtue of their 

antibody mimic properties. Chapter Two in this dissertation presents the utilization of flow 

cytometry in the aptamer-related research. To help illustrate the data, the instrumental principles 

of flow cytometer and related data interpretation are discussed in the following. 

Basically, flow cytometers use hydrodynamic focusing principle to generate individual 

particles (cells in our case) to pass through the laser zone (or other light excitation source), and 

then measure physical and chemical properties of the individual particles simultaneously. As 

illustrated in Figure 1-9, the fluidics system has a central channel (through which the sample is 

injected) enclosed by an outer sheath that contains faster-flowing fluid. As the sheath fluid 

moves, the injected suspended cells are hydrodynamically focused, resulting in one cell at a time 

passing through the focused laser zone. As the cells intercept the light source, cells scatter light 

based on the sizes and shapes. A lens known as the forward scatter channel (FSC) collects the 

light scattered forward (typically up to 20o offset from the laser beam’s axis). The FSC’s 

intensity roughly represents the particle’s size; thus, it can be used to distinguish between  
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Figure 1-9.A typical flow cytometer setup. Cells are hydrodynamically injected into the fluidics 
system and with the aid of the sheath flow, one cell at a time passed through the 
optical path. As the cells intercept the laser, scattered light (forward and side) is 
collected. If the cells are stained with a fluorescence tags, the emitted fluorescence is 
collected and converted finally into a digital data set for the computer analysis and 
display (modified from Figure A-1 in the PhD dissertation of Prabodhika 
Mallikaratchy at University of Florida). 

cellular debris and living cells. In contrast, another parameter, side scatter, was measured 

approximately at a 90o to the excitation line. Unlike FSC, the side scatter channel (SSC) provides 

information about the granular content within a particle, such as the shape of the nucleus, the 

amount and type of cytoplasmic granules, or the membrane roughness. Every type of particle has 

its unique FSC and SSC values; therefore, a combination of these two parameters may be used to 

differentiate different cell types in heterogeneous samples. For instance, since dead cells have 

lower forward scatter and higher side scatter than living cells, we can distinguish between those 

two types of cells based on both FSC and SSC parameters. Additionally, if the cells are stained 
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with a fluorophore-labeled probe, the fluorescence signal will be collected to indicate which cells 

are tagged with the probe. Subsequently, both scatter and fluorescence signals from each cell are 

converted into analog electric signals through the photo-multiplier tube (PMT) detectors, and 

then further transformed into digital electric signals by analog to digital convertors (ADCs). At 

this point, the collected data are finally ready for the analysis by the computer. 

To display and interpret data, a single-parameter histogram is commonly used. Typically, a 

single measurement parameter (such as forward scatter, side scatter or fluorescence) is on the x-

axis while the number of events (cell counts) is on the y-axis. In this dissertation, a histogram 

with the events plotted as the function of fluorescence signal is used for the data analysis (Figure 

2-5B for instance). After incubating target cells with aptamers and random library sequences 

respectively, the fluorescence intensities of cells are compared. Since the average intensity from 

the red curve (aptamer signal) is much higher than the one from green curve (library signal), the 

histograms indicate strong binding ability of aptamers.  

Ideally, flow cytometry will produce a single distinct peak that can be interpreted as the 

positive dataset. However, in many situations, flow analysis is performed on a mixed population 

of cells, resulting in several peaks on the histogram. In order to identify the positive dataset, 

negative and/or positive control should be run on the same machine with the same conditions. 

For instance, to identify target cells in the human whole blood sample in Chapter Two, several 

control experiments are required. 

Fluorescence Methods for Signal Transduction 

Fluorescence measurements have been widely used for a broad spectrum of investigations 

in cancer research because of high sensitivity, nondestructive nature and multiplexing 

capabilities. Fluorescence-based nucleic acid probes may rely on the changes of emission 
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intensity, excitation or emission wavelength, lifetime, or fluorescence anisotropy to monitor a 

molecular recognition event. 

Fluorescence results from a process that occurs when fluorophore molecules absorb light. 

When a population of these molecules absorbs the energy of the incident light, electrons of these 

molecules can be excited to the excited singlet states. Returning the electrons to the ground state 

is accompanied by an emission of photos, which results in fluorescence. This process is 

illustrated by the Jablonski diagram in Figure 1-10 [150,151]. In which, S0 stands for the singlet 

(all electrons are paired) ground state, S1 and S2 are singlet excited states, while T1 and T2 refer 

to the triplet (unpaired electrons) excited state. Upon light radiation, the energy of a photon is 

absorbed by a fluorophore and creates an excited unstable electronic singlet state (S1 or S2, the 

transition of the molecule from S0 state to S2 state is usually presented as a second peak at the 

shorter wavelength). Subsequently, the excited molecule falls to the ground vibrational level of 

S1 via internal conversion and/or vibrational relaxation.  

When the electron returns from an excited state to the ground state S0, there is an emission 

of light at a characteristic wavelength (the fluorescence process). Since the lifetime of the excited 

state S1 (10-10-10-7 s) is longer than the vibrational relaxation time (10-12-10-10 s) as shown in 

Figure 1-10, vibrational relaxation usually happens before fluorescence happens, which results in 

a certain energy loss. Thus, the fluorescence emission spectrum is located at higher wavelengths 

(lower energy) than the excitation spectrum. The difference in wavelength between the 

maximum emission and absorption peak is known as the Stokes shift. Besides the fluorescence 

emission, several other pathways can also allow electrons returing from the excited singlet state 

to the ground state, including non-radiative decays (such as thermal relaxation) and 

phosphorescence (intersystem crossing to a triplet excited state).  
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Figure 1-10.Jablonski diagram for fluorescence mechanism and characteristic times of various 
processes. 

There are a variety of ways to quench (decrease) the fluorescence emission of a 

fluorophore. Two major quenching mechanisms are involved: collisional (or dynamic) 

quenching and static quenching. During collisional quenching, the excited molecule will 

experience non-radiative energy loss when colliding with other molecules (including solvent 

molecules) in the solution. Many molecules can be a collisional quencher, such as oxygen, 

halogens, amines, and acrylamide. Consequently, the excited molecule will return to the ground 

state without any emission of photons. The decrease in fluorescence intensity caused by 

collisional quenching can be described by the following Stern-Volmer equation: 
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Based on the above equation, in aqueous solutions at room temperature with a fluorophore 

having 1ns fluorescence lifetime, to ensure the decreased fluorescence caused by collisional 

quenching is negligible, the quencher concentration should be below 1 mM. However, if two 

molecules are brought together by linkers, the collision rate is greatly increased and no longer 

controlled by diffusion rate; thus, the resulting quenching might be significant. 

Unlike collisional quenching, static quenching involves the formation of a non-fluorescent 

complex (dark complex) between the quencher and the fluorophore in the ground state. The 

decrease in fluorescence intensity can be described by the following quation: 

 

There are two simple methods available to distinguish two quenching mechanisms. The 

first method is to check the lifetime change. In static quenching, the lifetime does not change as 

the only observed fluorescence is from the uncomplexed fluorophore; therefore, the 

fluorophore’s lifetime remains the same after quenching. In contrast, for dynamic quenching, the 

lifetime shows the same order of decrease as the intensity. The second method to differentiate 

two quenching mechanisms is to identify the effect of temperature on the quenching efficiency. 

In static quenching, higher temperature leads to the decreased quenching efficiency due to the 
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dissociation of the weakly bound complex. However, in dynamic quenching, higher temperature 

causes faster diffusion, thus results in more quenching.  

Static quenching has been actively incorporated into the molecular probes design to study 

molecular recognitions. The molecular beacon, which is used in this dissertation, is one such 

example [152]. 

Scope of This Research 

The scope of the research work presented here is to engineer molecular probes or 

nanomaterials for cancer detection, with the potential of cancer treatment and intracellular 

mRNA studies. First, a unique aptamer-micelle was constructed as an efficient detection/delivery 

vehicle toward cancer cells with enhanced selectivity. The binding ability of low affinity 

aptamers at physiological temperatures was greatly restored and several beneficial properties 

have been achieved. In a second project, a universal strategy to build practical molecular beacons 

for long-term real-time intracellular mRNA monitoring was proposed and completed. In this 

project, the designed probes demonstrated excellent biostability and good hybridization kinetics. 

Finally, the use of single-walled carbon nanotubes to modify nuclease-vulnerable molecular 

beacons was demonstrated to be an efficient way to overcome several major limitations for 

intracellular applications, including nonspecific interaction with nucleases and DNA binding 

proteins, low self-delivery efficiency and nucleus accumulation.  
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CHAPTER 2 
DYNAMIC APTAMER-MICELLE WITH ENHANCED SELECTIVITY AS AN EFFICIENT 

DETECTION/DELIVERY VEHICHLE TOWARD CANCER CELLS 

Introduction 

This chapter discusses the construction of the aptamer-micelle based on spontaneous 

molecular self-assembly to perform efficient detection/delivery toward cancer cells with 

enhanced selectivity. Molecular self-assembly has contributed to the formation of various 

interesting nanomaterials, either natural or artificial, to achieve unique functions.  In nature, the 

apoptosome [153] is one such example. Individual apaf-1 protein does not itself have a 

biological function; however, when forming a complex with cytochrome c, several individual 

proteins self-assemble into a wheel structure called an apoptosome. Once formed, the 

apoptosome can then recruit and activate the otherwise inactive pro-caspase-9, which can then 

activate other caspases and trigger a cascade of events leading to apoptosis. Learning from 

nature, chemists have created various artificial nanostructures. Micelles represent one such 

example. Polymeric micelles, functioning as drug solubilizers and carriers, have been subjected 

to extensive studies in the field of drug delivery [154]. More recently, a micelle constructed as a 

hybrid from hydrophilic oligonucleotide and hydrophobic polymer [155,156] has drawn close 

attention. In aqueous solutions, this type of amphiphilic block copolymer can self-assemble into 

a three-dimensional spherical micelle structure or a nanorod-like micelle structure [157]. This 

type of micelle has been shown to efficiently carry a variety of cargos to cells, including 

antisense oligonucleotides [158] and drug molecules [159]. To perform efficient targeted 

delivery, folic acid, a type of cancer cell recognition molecule modified on a piece of short 

complementary DNA, was clicked onto micelles based on Watson-Crick base pairing [159]. 

Aside from Watson-Crick base pairing, single-stranded oligonucleotides can recognize 

other target molecules based on noncovalent interactions, such as hydrophobic interaction and 
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hydrogen bonding. This type of oligonucleotide ligand is known as an aptamer, which can tightly 

bind to specific target molecules, such as small molecules, proteins, and even cancer cells 

[19,20,31]. Compared to antibodies, aptamers possess a few critical advantages, such as small 

size, lack of immunogenicity, and ease of synthesis and modification [160,161]. We believe that 

attaching a hydrophobic tail to the end of an aptamer should result in a highly ordered micelle-

like structure. In this type of aptamer assembly, the aptamer strand would not only act as the 

building block for the nanostructure, but also perform a recognition function to its specific target. 

Furthermore, densely packing aptamers on such an assembly could create a multivalent effect, 

leading to greatly improved binding affinity of the aptamers. Engineering this type of aptamer-

micelle can be simple and could result in enhanced binding capability to its specific targets. 

Micelles are also considered to be dynamic and soft materials. Since the cell membrane is 

basically a dynamic lipid bilayer, a “soft” nanomaterial might produce some interesting 

interactions with it, particularly where such interactions involve cell permeability and drug 

delivery.  In fact, we have generated a pool of aptamers specifically targeting various cancer 

cells [31-33], thus paving the way for the construction of aptamer-micelles with applications in 

diagnosis and targeted therapy. 

Experimental Section 

Materials  

Unless specified, chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used 

without further purification. DNA synthesis reagents were purchased from Glen Research 

(Sterling, VA). The single-walled carbon nanotubes (SWNTs) were purchased from Unidym, Inc. 

with <5wt% ash content (CAS number: 7782-42-5). CellTrackerTM Green BODIPY (C2102) and 

Qdot 705 streptavidin conjugate (Q10161MP) were purchased from Invitrogen. All flow 

cytometry data were acquired with a FACScan cytometer (Becton Dickinson Immunocytometry 
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Systems, San Jose, CA). Ramos (CRL-1596, B-cell line, human Burkitt`s Lymphoma), CCRF-

CEM (CCL-119, T-cell line, human Acute Lymphoblastic Leukemia), K562 (CCL-243, chronic 

myelogenous leukemia (CML), and HL60 (CCL-240, acute promyelocytic leukemia) were 

obtained from ATCC. The NB4 cell line was kindly provided by Shands Hospital. All cell lines 

were cultured in RPMI 1640 medium (ATCC) supplemented with 10% fetal bovine serum (FBS) 

(heat inactivated, GIBCO) and 100 IU/mL penicillin-streptomycin (Cellgro). The wash buffer 

contained 4.5 g/L glucose and 5 mM MgCl2 in Dulbecco’s PBS (Sigma). Binding buffer used for 

the aptamer binding assays was prepared by adding yeast tRNA (0.1 mg/mL) (Sigma) and BSA 

(1 mg/mL) (Fisher) into the wash buffer to reduce background binding. 

Synthesis of Lipid Tail Phosphoramidite.  

Synthesis of compound 1: A solution of stearoyl chloride (6.789 g) in ClCH2CH2Cl (50 

ml) was slowly added to a solution of 1,3-diamino-2-dydroxypropane (1.0 g) in ClCH2CH2Cl 

(100 ml) and TEA (2.896 g). The reaction mixture was stirred for 2 hours at room temperature 

and then heated up to 70 °C overnight. The solution was then cooled down to room temperature, 

filtered, and the solid was washed with CH2Cl2, CH3OH, 5% NaHCO3 and ethyl ether. After 

drying under vacuum, the solid turned to white (compound 1, yield: 90%). 

Synthesis of compound 2: Compound 1 (5.8 g) was dissolved in anhydrous CH2Cl2 (100 

ml), and DIEA (8.6 ml) was injected into it. The solution was cooled on an ice bath, and 2-

Cyanoethyl N,N-diisopropylchlorophosphoramidite (4.2 mL,  16.72 mmol) was added under dry 

nitrogen. After stirring at room temperature for 1 hour, the solution was heated to 60 °C for 90 

minutes. After cooling to room temperature, the solution was washed with 5% NaHCO3 and 

brine, dried over Na2SO4 and concentrated by vacuum. The product was purified by precipitation 
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from concentrated CH2Cl2 into CH3CN to afford compound 2 (4g, 55% yield) as white solids. 

31P NMR (CDCl3) 154 ppm. 

 
Synthesis of Aptamer-Lipid Sequence 

An ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA) was used for 

the preparation of all DNA sequences. All oligonucleotides were synthesized based on solid-state 

phosphoramidite chemistry at a 1 µmol scale. The aptamer-lipid sequences listed in Table 2-1 

were synthesized in controlled-pore glass columns with a 3’-(6-FAM), TAMR or biotin TEG 

covalently linked to the CPG substrate. The complete aptamer-lipid sequences were then 

deprotected in AMA solution (concentrated ammonia hydroxide:methylamine = 1:1) at 65 0C for 

15 minutes for FAM/biotin labeling or a solution of methnol: tert-butylamine: water (1:1:2) at 65 

0C for 3 hours for TMR labeling. A ProStar HPLC (Varian, Walnut Creek, CA) with a C8 

column (from Alltech, Deerfield, IL) was used for probe purification. Deprotected sequences 

were purified with a linear elution gradient with TEAA (triethylammonium acetate) in 

acetonitrile changing from 20% to 70% over a 30 min period. The collection from the first HPLC 

separation was then vacuum dried. Spacer phosporamidite 18 was used as the linker between 

DNA and lipid tail. Lipid tail phosphoramidite dissolved in methylene chloride was directly 

coupled onto the sequence by the synthesizer. The synthesis of lipid tail phosphoramidite is 
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described in the above section. A Cary Bio-300 UV spectrometer (Varian, Walnut Creek, CA) 

was used to measure absorbance for probe quantification. 

Preparation of TDO5-Micelles with Different Aptamer Densities 

Aqueous TDO5-lipid/library-lipid solution and aqueous PEG-lipid solution were diluted in 

different centrifuge tubes by addition of at least 5-fold volume of acetone. Subsequently, the two 

solutions were mixed well together and put in a vacuum drier to evaporate away the acetone 

leaving only an aqueous solution. By adjusting different molar ratios of TDO5-lipid/library-lipid 

and PEG-lipid solutions at this first step, TDO5-micelles/library-micelles with different 

aptamer/library densities could be achieved.  

Micelle Characterization  

TEM images were obtained after negative staining with 1% aqueous Uranyl Acetate using 

a transmission microscope (Hitachi H-7000). The TEM samples were dropped onto standard 

holey carbon-coated copper grids. Dynamic Light Scattering measurements were carried out at 

room temperature using a Brookhaven ZetaPALS analyzer. Aptamer-lipids were dissolved in 

PBS buffer. using a transmission microscope (Hitachi H-700). 

Flow Cytometric Analysis  

To demonstrate the cell-specific targeting capabilities of aptamer-lipids, fluorescence 

measurements were made using a FACScan cytometer (Becton Dickinson Immunocytometry 

Systems, San Jose, CA). The binding was performed by the following procedure. 250 nM 

aptamer-lipid/library-lipid in binding buffer was added to about 1 million cells in the individual 

flow tubes. The prewarmed mixture was incubated at 37 0C in a cell incubator for various time 

periods. After incubation, the cells were immediately washed twice with cold washing buffer. 

The fluorescence was determined by counting 15,000 events.  
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Competition assays to measure the off rate of the aptamer-cell interacton (Koff) were 

performed as follows. An aptamer concentration of 250nM was incubated with cells for 20 

minutes at 4 oC for 20 minutes to allow the aptamer to bind to the target in the cell membrane. 

After the incubation, the cells were washed to remove unbound aptamer. Finally, the labeled 

cells were incubated with 2.5 uM unlabeled aptamer at 4 oC for various incubation times. The 

mean fluorescence intensity was measured at different incubation times after a brief vortexing of 

the cell mixture. Koff was obtained by fitting the dependence of the binding percentage over time 

to the equation Y = Y0 + Aexp (KoffX) where Y is binding percentage and X is time. The 

fluorescence intensity before the displacement was normalized to 100% binding. Additionally, 

the equilibrium dissociation constants (Kd) of the aptamer-cell interactions were obtained by 

fitting the dependence of fluorescence intensity of specific binding on the concentration of the 

aptamers to the equation Y= BmaxX/(Kd + X) by SigmaPlot (Jandel, San Rafael, CA).  

Preparation of Au NP-TDO5/library Conjugates 

Gold nanoparticles (Au NP, 13 nm) were prepared [162] and modified with Neutravidin by 

the reported method. Then either an excess of biotin and Cy5 co-labeled TDO5 aptamer or 

library was mixed with the Neutravidin-modified Au NP, and the complexes were rocked at 

room temperature for at least half an hour. After removal of unbound DNA by centrifugation, the 

conjugates were directly used in cell binding studies.  

Preparation of SWNT/TDO5-Lipid or SWNT/Library-Lipid Complexes 

SWNTs were ultrasonicated (Fisher Scientific, Model 100) for 1 hour. Then about 60 mg/L 

SWNT was mixed with 5 µM TDO5-lipid or library-lipid aqueous solution. The mixture was 

ultrasonicated for another 30 minutes. Then the probe/nanotube solution was centrifuged at 

20,000g for 15 minutes. The pellet, comprising impurities and large aggregates of nanotubes at 

the bottom of the centrifuge tube, was discarded and the supernatant was dialyzed against 1.5L 
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water (Spectra/MWCO1MDa) for 3 days. The water was changed 6 times during the dialysis 

period. The resulting solution was stored at 4 oC. 

Preparation of Biotin-TDO5-Micelles Doped with Dyes 

Dye-doped aptamer-micelles were prepared by the precipitation and membrane dialysis 

method. 15 pmol of dry biotin-TDO5-lipid was dissolved in 20 µL ethanol, and then mixed well 

with 6.74 nmol CellTrackerTM Green BODIPY. The solution was then added dropwise into 100 

µL deionized water while stirring. After stirring for about 3 hours to evaporate the ethanol, the 

aqueous solution was dialyzed against 1.5 L water (Spectra/MWCO3500) for 2 days. The water 

was changed 5 times during the dialysis period. Finally, the solution was filtered through a 0.22 

um filter to remove any undesirable aggregates and stored at 4 oC.  

Preparation of NBD-Labeled Liposome 

27.4 µM POPC (Avanti) and 1.3426 mM NBD-PC (Avanti) (2% NBD-PC in the lipid 

mixture) were mixed in a chloroform solution, the solvent was evaporated by a stream of 

nitrogen and vacuum, and the lipids were allowed to hydrate in PBS buffer. The resulting 

multilammellar vesicles were put through five freeze-thaw cycles and then extruded through a 

polycarbonate filter with pore diameter of 100 nm (Whatman). 

Determination of CMC of Aptamer-Micelle 

10 µM of pinacyanol chloride solution in distilled water was mixed with TDO5-micelles 

with various concentrations from 0.2 nM to 150 nM. The solutions were left to sit for hours 

before taking the pictures. 

Cytotoxicity Assays 

Cellular toxicity of DNA-lipid was assessed using the CellTiter 96 Cell Proliferation Assay 

(Promega, Madison WI), according to the manufacturer’s instructions. Cells were cultured in 96-

well microtiter plates in complete growth medium with various library-lipid or library 
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concentrations for 2 days, with 500,000 cells/mL as the starting cell density. As a positive 

control, 10% DMSO was incubated under the same conditions.   

Confocal Imaging 

Cell images were made with a confocal microscope setup consisting of a Leica TCS SP5 

Laser Scanning Confocal Microscope. For real-time monitoring, the fluorescent images were 

taken every minute at a fixed depth. 2 uM cell tracker dye and/or about 4.5 uM aptamer-lipid 

were/was incubated with the cells in complete cell medium at 37 oC. For the co-localization 

experiment, cells were incubated with TMR-TDO5-lipid (250nM) in RPMI-1640 complete 

medium at 37 oC for 3 hours, and then AF633-transferrin (60nM) was added 30 minutes before 

the termination of incubation. Incubation was stopped by placing the cell on ice immediately 

after washing with cold washing buffer. 

Flow Channel Device Preparation and Incubation under Continuous Flow 

For micelle-buffer incubation, a PDMS flow channel was used. PDMS devices were 

fabricated using a process similar to what is described in the literature [39,163].  The layout of 

the device was designed in AutoCAD and printed on a transparency using a high-resolution 

printer.  The pattern on the transparency was transferred to a silicon wafer via 

photolithography.  The silicon wafer was etched to a depth of 25 µm in a deep reactive ion 

etching machine. The resulting silicon wafer with the desired pattern served as a mold to 

fabricate a number of PDMS devices. Sylgard 184 (Corning) reagents were prepared and 

thoroughly mixed by following the manufacturer’s instructions. After being degassed to remove 

bubbles, the mixture was cast on top of the silicon mold. After being cured at room temperature, 

the PDMS layer was peeled off the silicon mold.  Two wells at both ends of the channel and one 

well in the middle of the channel were created by punching holes in the PDMS. The PDMS slice 

was reversibly attached to a clean 50× 45 mm cover glass (Fisher) to form a device. Avidin- and 
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biotin-aptamer solutions were added to the wells at both ends of the channel (sgc8 aptamer for 

CCRF-CEM on the left side; TDO5 aptamer for TDO5 on the right side) and were sucked 

through channels by applying a vacuum to the middle well of the channel. Then the 

corresponding cell solutions were put to the corresponding end-wells, sucked slowly through the 

entire channel by applying a vacuum to one of end-wells, and incubated at 37 oC for 5 minutes. 

After washing, the DNA-micelles diluted in binding buffer were continuously flushed through 

the channel at 300 nL/s for 5 minutes by connecting a microsyringe pump (World Precision 

Instruments, Inc.) to the end-well of the channel (dynamic incubation). The channel was ready 

for confocal imaging after three washing steps. In between experiments, the PDMS devices were 

cleaned by sequential sonication in 20% bleach with 0.1 M NaCl and then 50:1 water:versaclean 

(Fisher) at 40 oC, followed by rinsing in deionized H2O and drying under N2.  

For micelle-blood incubation, a simplified flow channel made from double glass slides 

glued together by a double sided tape. Instead of a microsyringe pump, a piece of filter paper 

was used to suck the solutions through the channel with average flow rate of about 300 nL/s.  

Results and Discussion 

Aptamer-Micelle Construction  

As indicated in the scheme (Figure 2-1A), we have attached a simple lipid tail 

phosphomidite with diacyl chains onto the end of an aptamer inserted with a PEG linker. This 

amphiphilic unit self-assembled into a spherical micelle structure, as demonstrated in the TEM 

image (Figure 2-2A). The aptamer used in this case is called TDO5. As shown in Figure 2-2A, 

the TDO5-micelle has an average diameter of 68±13nm, which is consistent with the 

hydrodynamic diameter measured by Dynamic Light Scattering of 67.22nm (Figure 2-2B). 

When optimizing our selective aptamer-micelles, we found that the hybrid from lipid tails 

plus a short length of DNA (short DNA-lipid) can result in nonspecific binding with cells within 
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a short time period. As shown in Figure 2-3, only after 30 minutes, strong fluorescence signals 

were observed. However, this nonspecific interaction problem can be greatly reduced by simply 

elongating the DNA by inserting more random DNA bases. The hybrid from the lipid and a total 

89mer DNA length demonstrated the least nonspecific binding within 2 hours of incubation with 

cells. To facilitate DNA synthesis pursuant to the construction of aptamer-micelles for further 

studies, we replaced the random DNA bases by a PEG linker of similar length, using a spacer 

phosphoramidite 18. In this case, 24 units of PEG were inserted between a TDO5 aptamer 

sequence and lipid tail (Figure 2-1A).  

 
 

Figure 2-1.A) Schematic illustration of aptamer-lipid formation. All the related sequences are 
listed in Table 2-1. B). Flow cytometric assay to monitor the binding of free TDO5 
(250nM) and TDO5-lipid (250nM) with Ramos cells (target cells) and HL60 (control 
cells) at 37 0C for 5 minutes. The blue and black curves represent the background 
binding of unselected DNA library and TDO5-lipid respectively. The purple and red 
curves represent the binding of TDO5 and TDO5-lipid, respectively. 
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Figure 2-2.TEM image after negative staining by 1% aqueous Uranyl Acetate (A) and Dynamic 
light scattering histogram (B) of TDO5-micelles. 

 
 

Figure 2-3.Effect of the length of oligonucleotide on the nonspecific interactions between DNA-
lipids and different cell lines, including Ramos (A) and CCRF-CEM (B). The green, 
blue and purple curves represent the hybrids from lipid tails with oligonucleotides of 
about 89, 30, and 22 base pairs, respectively. 

Enhanced Binding at Physiological Temperature 

Interestingly and surprisingly, the formation of an aptamer-micelle was found to enhance 

the binding capability of otherwise low-affinity aptamers at physiological temperature. TDO5 is 

such an aptamer and was selected specific to Ramos cells (a B-cell lymphoma cell line) [32]. At 
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4 ºC, TDO5 showed high affinity and selectivity for its target protein, immunoglobulin heavy mu 

chain (IGHM) receptor on the cell surface [138], which indicates that this surface cell membrane 

protein has an upregulated expression in Ramos cells. On the other hand, TDO5 did not bind 

with Ramos cells at 37 ºC (Figure 2-1B), a condition which could seriously hinder its potential in 

vivo applications. However, when TD05 is used for micelle formation, the TDO5-micelle was 

also found to have excellent binding selectivity at 37 0C. As shown in Figure 2-1B, when binding 

with target cells, about 80-fold enhancement in fluorescence intensity was observed for TDO5-

lipid, while no binding shift was found with control cells. 

 
 

Figure 2-4.Flow cytometry to determine the binding affinity of free FITC-TDO5 aptamer (A) 
and FITC-TDO5-lipid (B) to target cells (Ramos cells). The nonspecific binding was 
measured by using fluorescein (FITC)-labeled unselected library DNA or library 
DNA-lipid. The mean fluorescence intensity of target cells was obtained by 
subtracting the mean fluorescence intensity of nonspecific binding. Although the 
dissociation rate of aptamer-lipid is similar to that of free aptamer, if based on 
aptamer-lipid unit concentration, the dissociation rate of aptamer-micelles is much 
smaller if assuming 1000 DNA-lipid units per micelle particle. 

The dissociation constants of the aptamer-micelles were also investigated. Since a similar 

size of polymer micelle (60nm) was estimated to have 1000 copies of units [164], one TDO5-
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micelle (68nm) is assumed to have the same estimated unit numbers. As shown in Figure 2-4, the 

TD05 micelle has a Kd of 116 nM. If one TDO5-micelle has 1000 copies of DNA-lipid units,  

the dissociation constant after constructing the micelle structure would be greatly decreased from 

88 nM (for free TDO5) to 0.116 nM (for TDO5-micelle). This approximate 750-fold increase in 

binding affinity might be ascribed to the multivalent effect from multiple aptamer binding.  

Based on these findings, the lipid tail plus linker modification can be a universal strategy 

to promote the binding abilities of low-affinity aptamers, as demonstrated by the improved 

binding behaviors observed after attaching lipid tails onto the end of two other low-affinity 

aptamers, KK and KB (Figure 2-5). 

 

Figure 2-5.Flow cytometric assay to monitor the binding of free aptamer (250 nM) and aptamer-
lipid (250nM) with target cells (K562) at 37 0C for 5 minutes. FITC-KK (A) and 
FITC-KB (C) aptamers either bind weakly or do not bind at all to the target cells. 
However, FITC-KK-lipid (B) and FITC-KB-lipid (D) show increased binding to the 
target cells. 

Extremely Low koff  

Generally, a low off rate tends to indicate that the binding is strong and difficult to be 

replaced. Therefore, the koff  rate of our aptamer-lipid was examined by a competition experiment, 
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which was designed to test the micelle’s binding strength in comparison to single aptamers. As 

shown in Figure 2-6, after one day of competition with unlabeled TDO5 aptamer, almost all the 

bound labeled TDO5 was replaced. Plotting the competition data of free TDO5 showed an 

exponential decay with a koff of -4.4×10-5 S-1 (R2 = 0.93844). In contrast, after the same 

competition time, a very low percentage of bound TDO5-micelles was replaced by free TDO5 

with a koff of -1.5×10-6 S-1 (R2 = 0.23481). We noticed that the coefficient for the data fitting in 

the TDO5-micelle case is quite low, which indicates that the off rate pattern of TDO5-micelle 

might not be the same as the exponential pattern. Similar low off rates and low R2 were observed 

for the other two aptamer-micelles based on KK and KB aptamers (Figure 2-7A). 

 
 

Figure 2-6.Time course of displacement of FITC-TDO5 (A) or FITC-TDO5-lipid (B) bound onto 
the target cells by competition with an excess of non-labeled TDO5. Cells were 
incubated with binding buffer containing 250 nM FITC-labeled probes for 20 minutes 
at 4 oC. Then 2.5 µM non-labeled TDO5 was added to the cells, and flow cytometric 
measurements were carried out at times as shown in the x-axis. The fluorescence 
intensity before the displacement was normalized to 100% binding. The fluorescence 
intensity of each data point was normalized to the binding percentage 
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Figure 2-7.Time course of displacement of FAM-KK-lipid (A), FAM-KB-lipid (B) and Cy5-

TDO5-Au NP conjugate (C) bound onto the target cells (K562 for A and B; Ramos 
for C) by largely excess of non-labeled corresponding aptamers (KK for A, KB for B, 
TDO5 for C). Cells were incubated with binding buffer containing 250 nM FAM-
labeled probes for 20 minutes at 4oC. Then, 2.5 µM non-labeled TDO5 was added to 
the cells, and flow cytometric measurements were carried out at times as shown in the 
x-axis. The fluorescence intensity before the displacement was normalized to 100% 
binding. The fluorescence intensity of each data point was normalized to the binding 
percentage, as well. The graphs show that the dissociation rates of the aptamer-
nanomaterial complexes are all much slower than those of corresponding aptamers. 

Based on these extremely low off rates, and considering the fact that both aptamer-lipid 

and cell membrane have hydrophobic and hydrophilic portions, we hypothesize that the 

integration of aptamer-lipid into the cell membrane can be facilitated by the lipid tail and that the 

preferred thermal stability does not allow such aptamer-lipid to easily diffuse out. In order to 

determine whether our aptamer-micelles could fuse with cell membrane, we doped TDO5-

micelles with a special dye that only fluoresces inside cells (CellTracker™) (see scheme in 
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Figure 2-8A). As shown in Figure 2-8B and 2-8C, after incubating the cells with free cell tracker 

for 12 hours, a strong fluorescence signal was observed inside the cells, while a very weak 

fluorescence signal was present after 2 hours of incubation. In contrast, it was only after an 

incubation lasting more than 2 hours with dye-doped TDO5-micelles that most of the cells 

produced a strong fluorescence signal (Figure 2-8D). To determine whether some or all the 

aptamer-micelles remained on the cell surface, we post-incubated streptavidin-quantum dots 705 

(QD705) with the cells after binding biotin-labeled TDO5-lipid to the cells. Figure 2-8E shows a 

strong red fluorescence signal around the cell membrane, which indicates that at least some of 

the aptamer-lipid remained bound to the cell membrane after the dye was released. Exposing the 

cells to strong UV illumination for a long time leads to cell apoptosis and the leakage of 

activated fluorescent cell tracker dyes into the incubation buffer. As shown in Figure 2-8E, a 

strong green fluorescent signal was observed outside the apoptotic cells, while a clear QD705 

halo remained where the cell membrane would have been, indicating the integration of the 

aptamer-lipid into the membrane (Figure 2-8E inset). Based on our real-time monitoring of the 

fluorescence from the cell tracker at room temperature (Figure 2-8F), fusion of the micelles with 

the cell membranes occurs within minutes.  

The above experiments reveal the potential fusion between aptamer-micelles and the cell 

membrane. Thus, the interaction process between aptamer-micelles and cells is proposed to be 

fluidic in nature, involving specific interaction induced nonspecific insertion (see the related 

information for detailed hypothesized mechanism and related experiments at the end of this 

section).   
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Figure 2-8. Flow cytometric assay to monitor the binding of FITC-TDO5-lipid or FITC-library-
lipid with human whole blood sample (male, single donor human whole blood in Na 
Heparin, Innovative Research) at 37 0C for various time periods.  The black, green 
and red curves represent the fluorescence intensities from blood cells only, unselected 
DNA library-lipid and TDO5-lipid, respectively. 

TDO5-Micelle Helps Cell Internalization  

Although some of the aptamers by themselves lack an internalization pathway, the 

introduction of this novel nanostructure formation allows the aptamer-lipids to ultimately 

penetrate the cells they target. As shown in Figure 2-9, while most of the micelles remained on 

the cell surface after long incubation, a clear fluorescence signal inside the cells, which was 

confirmed by optical imaging with confocal Z-axis depth scanning, was observed. Since TDO5 
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alone does not internalize, we reasoned that another mechanism, possibly related to membrane 

recycling, and might be contributing to this phenomenon. To investigate the intracellular 

distribution of TDO5-lipid, we co-stained the cells with Alexa633-labeled transferrin, which is 

commonly used to identify the location of endosomes [165]. The co-localization of the aptamer-

lipid with transferrin indicated that the internalized aptamer-lipids were inside endosomes 

(Figure 2-9). This interesting internalization pathway created by the attachment of the lipid tail, 

as detailed above, can widen aptamer applications in therapy requiring drug delivery inside the 

cells. The signal from outer cell membrane should be from the ones which have bound onto the 

cell membrane but not entered cell yet or have been recycled out to the cell membrane after 

going inside. 

 
 

Figure 2-9.The enlarged fluorescence image (A), bright field image (B), and stack image after Z-
depth scanning (C) of Ramos cells after incubation with TMR-TDO5-lipid in 
complete cell medium at 37 0C for 2 hours. The cross marked in image C indicates 
that the brightest fluorescence signal comes from inside the cell. (D) Co-localization 
of TMR-TDO5-lipid (red) and AF633-transferrin (blue) in endosomes. 
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Rapid Identification with High Sensitivity  

 

Figure 2-10. Flow cytometric assay to monitor the binding of 250nM TDO5-lipid or library-lipid 
with Ramos cells (target cells) and HL60 (control cells) at 37 0C for various 
incubation times (A), or various concentrations of TDO5-lipid/ library-lipid with 
target cells at 37 0C for 5 minutes (B). The green and red curves represent the 
background binding of unselected DNA library-lipid and TDO5-lipid, respectively. 
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This TDO5-micelle demonstrated extremely rapid recognition of the target cells. As shown 

in Figure 2-10A, after an incubation of only 30 sec at 37 0C, a 45-fold enhancement in 

fluorescence intensity was observed for TDO5-lipid upon binding with target cells. Again, no 

significant binding was observed for the control cells. Although a targeting time shorter than 30 

seconds might be possible, we did not attempt it because of experimental difficulties. Since every 

piece of DNA-lipid is labeled with one single FITC dye at the 3’ end, one recognition event from 

one aptamer-lipid can induce multiple-dye staining to target cells. Therefore, this aptamer-

micelle structure is suggested to provide an additional signal enhancement. We varied TDO5-

lipid/library-lipid concentrations from 250 nM to 1 nM and incubated them with one million 

cells, respectively. As shown in Figure 2-10B, even at about 0.005 nM (or 5 nM, based on DNA-

lipid concentration), noticeable fluorescence shift was still observed upon binding with target 

cells.  

Trace Cell Detection in Whole Blood Sample  

To evaluate the detection ability of TDO5-micelle in a complex environment, we spiked 

one million target cells/control cells directly in 50 uL human whole blood sample (about 310 

million cells) and then incubated the DNA-micelles with the cell mixture at 37 0C for 5 minutes. 

Based on the flow data shown in Figure 2-11, obvious binding shift was observed when binding 

to the target cells, but no significant binding shift happened in the control cell mixture. Similar to 

control, no binding shifts happened in the absence of spiked target cells in whole blood sample 

(see Figure 2-12). These flow data prove that the aptamer-micelle can detect trace target cells 

selectively, even in a complex environment. 

Meanwhile, when we lengthened the incubation time from 5 minutes to 2 hours, smaller 

binding shifts were observed (Figure 2-12). It is suggested that the instability of nucleic acid in 
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Figure 2-11. Flow cytometric assay to monitor the binding of 250nM TDO5-lipid or library-lipid 

with trace Ramos (target cells, A) and CCRF-CEM (control cells, B) in human whole 
blood sample at 37 0C for 5 minutes. By mixing 1 million cells with 25 uL male 
whole blood (about 155 million blood cells), 1 million cells with 50 uL male whole 
blood (about 310 million blood cells), 1 million cells with 100 uL male whole blood 
(about 620 million blood cells), and 0.5 million cells with 100 uL male whole blood 
(about 620 million blood cells), the cell percentages were adjusted to 0.64%, 0.32%, 
0.16% and 0.08%, respectively. The green and red curves represent the binding of 
unselected DNA library-lipid and TDO5-lipid, respectively. 

 
Figure 2-12. Flow cytometric assay to monitor the binding of FITC-TDO5-lipid or FITC-library-

lipid with human whole blood sample (male, single donor human whole blood in Na 
Heparin, Innovative Research) at 37 0C for various time periods.  The black, green 
and red curves represent the fluorescence intensities from blood cells only, unselected 
DNA library-lipid and TDO5-lipid, respectively. 
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plasma at 37 0C  after long incubation is the main reason for the reduced binding shifts [166]. It 

can therefore be concluded that the presence of fewer intact aptamer-lipids leads to lower 

binding signals.  

 

 

 

Figure 2-13.Flow cytometric assay to monitor the binding of FITC-TDO5-lipid (250nM) with 
target cells (Ramos) (A) or control cells (HL60) (B) at 37 0C for different time 
periods. 

We do not believe that the higher nonspecific binding of DNA-micelles after long 

incubation in this complex environment causes the smaller binding shifts. As shown in Figure 2-

12, the nearly identical fluorescence intensities of library-lipid were observed irrespective of the 

incubation time with whole blood cell mixture. Comparing the increased nonspecific bindings 

with increased incubation time in pure buffer sample, as shown in Figure 2-13, we think that the 

difference in total cell numbers in these two different cases may well lead to different 

nonspecific interaction patterns. Since the total cell number is extremely high per whole blood 

cell mixture sample (about 311 million cells), but much lower for the pure buffer incubation 
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(only 1 million cells), the micelle concentration per cell should be extremely low. This leads to 

the absence of significant nonspecific binding, even after 2 hours of incubation for whole blood 

cell mixture.  

Aptamer-Micelle Targeting in a Flow Channel under a Continuous Flow  

To investigate whether aptamer-micelles can be used for selective targeting under the 

dynamic fluid conditions of blood circulation, a simplified flow channel was used to mimic the 

circulatory environment. While we understand there is a significant difference between the 

fluidic channel and the blood vessel, we believe that this flow dynamic study will give us hint 

about future possibilities in using this micelle system as a detection/delivery system with 

dynamic specificity. As shown in the scheme in Figure 2-14A, two biotin-labeled aptamers 

(biotin-sgc8 and biotin-TDO5) were individually immobilized onto either side of a glass channel 

using avidin-biotin interactions. Following this step, their corresponding target cells (CCRF-

CEM for sgc8 and Ramos for TDO5) were flowed through and captured by the immobilized 

aptamers. In this way, two different cell zones were established in the flow channel: CCRF-CEM 

in the control cell zone and Ramos in the target cell zone for TDO5 aptamer. 

As the first step, the targeting ability of aptamer-micelle spiked in a simple pure binding 

buffer system at 37 0C inside the flow channel under continuous flushing was evaluated. For 

micelle-buffer incubation, either FITC-TDO5-micelle or FITC-library-micelle diluted in binding 

buffer was continuously flushed through the two cell zones sequentially at 37 0C for 5 minutes at 

300 nL/s.  The same results were observed irrespective of which direction the DNA-micelle was 

sucked through the two types of cell zones. A representative result after micelle-buffer 

incubation with FITC-TDO5-lipid is presented in Figure 2-15A. In this case, strong fluorescence 

signal was seen from the target cell zone, but no noticeable fluorescence signal from the control 

cell zone. In contrast, no fluorescence signal was observed in either cell zone after incubating 
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with a control FITC-library-micelle or free FITC-TDO5 aptamer at 37 0C (Figure 2-15BC), 

which indicates that TDO5-micelle enhances TDO5 aptamer’s binding ability at 37 0C.  

 

Figure 2-14. Simplified flow channel response to cell staining assay. (A). Stepwise 
immobilization scheme of the flow channel. Representative images of the bright field 
and fluorescent images of control cells (CCRF-CEM) and target cells (Ramos) 
captured on the flow channel surface incubated with FITC-TDO5-micelle (B), or 
FITC-library-micelle (C) or free FITC-TDO5 (D) spiked in human whole blood 
sample under continuous flow at 300nL/s at 37 oC for 5 minutes.  All the scale bars 
are 100 µm. 
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Figure 2-15.Representative images of the bright field and fluorescent images of control cells 
(CCRF-CEM) and target cells (Ramos) captured on the flow channel surface 
incubated with FITC-TDO5-micelle (A), or FITC-library-micelle (B) or free FITC-
TDO5 (C) spiked in pure buffer solution under continuous flow at 300 nL/s at 37 oC 
for 5 minutes.  All the scale bars are 100 µm.  
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As the second step, blood circulation in living systems was mimicked to further test the 

targetting ability of aptamer-micelle in complex human whole blood sample. This was 

accomplished inside the flow channel under continuous flushing at 37 0C. To avoid cleaning 

difficulties, a simplified flow channel made of double glass slides was preferred over a PDMS 

flow channel for micelle-blood incubation. Representative results after micelle-blood incubation 

are presented in Figure 2-14B. As in the micelle-buffer incubation system, strong fluorescence 

signal was seen from the target cell zone after incubation with TDO5-micelle spiked in whole 

blood sample, but no noticeable fluorescence signal from control cell zone was seen. In contrast, 

no fluorescence signal was observed in either cell zone after incubating with a control FITC-

library-micelle spiked in whole blood sample.  

Circulation velocity in living systems might be much faster than 300 nl/s in most locations 

[167]. Nonetheless, we still expect that aptamer-micelles would be capable of recognizing target 

cells to a degree at least equal to, if not better than, that which is shown in this dynamic 

incubation channel with a faster circulation rate. Based on our in vitro study of the effect of the 

incubation time on cell recognition ability using fixed cell numbers (Figure 2-13), increasing 

incubation time resulted in a decrease of selectivity; thus, a shorter incubation time might either 

have no effect at all, or might even lead to better binding selectivity, especially considering the 

rapid identification ability of aptamer-micelles. These results indicate that the aptamer-micelle 

can perform selective recognition in a complex environment that mimics [167] blood circulation.  

Moreover, this aptamer-micelle was found to have low CMC and low cytotoxicity to the 

cells (Figure 2-16, Figure 2-17). As such, this type of aptamer-micelle is proposed to be an 

efficient drug delivery vehicle for target cells without the need for internalization of the 

aptamer’s target molecule.  Instead, aptamer-lipids can simply interact with the cell membrane 
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and quickly release the doped hydrophobic molecules into the cells. Meanwhile, however, 

through membrane replacement, aptamer-lipids can permeate cells by a process of endocytosis. 

Thus, this type of aptamer-micelle offers two kinds of drug delivery pathways: direct releasing of 

doped drug and internalization by direct drug-aptamer-lipid conjugation.  Finally, by replacing 

PEG-lipid with therapeutic aptamer drug-lipid, the heterogeneous aptamer-micelle can 

specifically deliver aptamer drugs around the target cell surface. For instance, by lipid tail plus 

linker modification, we can construct a lipid molecule from Macugen, an FDA-approved aptamer 

selected against vascular endothelial growth factor (VEGF). By replacing PEG-lipid in Figure 2-

18 with Macugen-lipid, we expect that this aptamer-micelle will be able to draw all the 

Macugen-lipids to a specific tumor cell surface, which would greatly increase the localized drug 

concentration to enhance inhibition potency.  

CMC Determination of TDO5-Micelle by Pinacyanol Chloride 

In the present study, pinacyanol chloride, a well-known useful dye for determining the 

critical micelle concentration of anionic surfactants, was used. As in previous reports [168-170], 

the color change of pinacyanol chloride from red to blue occurs in a concentration range not very 

far from the CMC of the anionic surfactant. The blue color above the CMC is characterized by 

two absorption bands, α- and β-bands at 607 and 562 nm, and the red color below the CMC, by 

the γ-band around 480 nm. The γ -band results from the aggregate formed by the dye, while the 

α- and β-bands are attributable to the solubilization of the dye into the micelle. Therefore, the 

estimated CMC of TDO5-micelle can be assigned to the concentration range where the blue 

color begins to fade into red. As shown in Figure 2-16, the estimated CMC of TDO5-micelle 

could be around 20 nM (based on TDO5-lipid unit concentration).  
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Figure 2-16.The determination of estimated CMC of TDO5-micelle by the color change of  
pinacyanol chloride. The red numbers on the top or the bottom of the centrifuge tubes 
are the concentration of TDO5-lipid mixed with 1×10-5 M pinacyanol chloride (based 
on TDO5-lipid unit concentration; concentration unit is nM). From left to right, top to 
bottom, from tube 1 to tube 24, the TDO5-lipid concentrations are 0.2, 0.3, 0.4, 0.5, 
0.6, 0.7, 0.8, 0.9, 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150 
nM, respectively. 

 
 

Figure 2-17.The cell viability affected by library-lipid with various concentrations, which was 
determined by CellTiter 96® AQueous One Solution Reagent on a plate reader. As 
one type of positive control for MTT assay, 10% DMSO was added to cells. The total 
incubation time is 2 days.  
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Effect of Aptamer Density on the Selective Binding of Aptamer-Micelles 

The effect of aptamer density on selective binding was investigated by mixing FITC-

TDO5-lipid with FITC-PEG-lipid in different molar ratios: 0:1, 1:1 and 10:1 (PEG-lipid versus 

TDO5-lipid). As shown in Figure 2-18, even at an aptamer density of 9% (10:1 molar ratio of 

PEG-lipid/TDO5-lipid), the aptamer-micelles still demonstrate selective binding ability at 37 0C 

after incubation with cells for 5 minutes. As aptamer density decreases, the binding shift is 

observed to become smaller. First, this indicates that a certain aptamer density is required to 

preserve target cell recognition at physiological temperatures for this type of aptamer-micelle. 

Second, a certain amount of multivalent binding might also be important. 

 
Figure 2-18.Flow cytometric assay to monitor the binding of TDO5-lipid or library-lipid with 

Ramos cells (target cells, A) and HL60 (control cells, B) at 37 0C for 5 minutes after 
mixing with different ratios of PEG-lipid. The molar ratios between FAM-DNA-
lipids and FAM-PEG-lipid are 1:0, 1:1, and 10:1. The black and red curves represent 
the background binding of unselected DNA library-lipid and TDO5-lipid, 
respectively. 
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Hypothesized Mechanism about the Interaction Between Aptamer-Micelle and Cells 

All aptamer-micelles (TDO5-micelle, KK-micelle, KB-micelle) show improved binding 

abilities. Similar improvement in binding ability should be expected by conjugation of single 

aptamer to other types of “solid” nanomaterials.  However, when TDO5 was conjugated or 

complexed with 13nm Au NPs and SWNTs (single-walled carbon nanotubes), the complex did 

not show restored binding when temperature was raised to 37 0C (Figure 2-19).   

 

Figure 2-19.Flow cytometric assay to monitor the binding of two other types of nanomaterial-
aptamer conjugates/complexes, including gold nanoparticles-TDO5 (A, B) and 
single-walled carbon nanotubes (SWNTs) complexed with FITC-TDO5-lipid (C, D), 
with target cells at 4 0C for 20 minutes and 37 0C for 10 minutes. 

In fact, both kinds of nanomaterials (“soft” nanoparticles (micelle) and “solid” 

nanomaterials (Au NPs and SWNTs)) showed completely opposite binding behaviors to the 

target cells at 37 0C, although they presented similar binding abilities at 4 0C. These differences 

might be ascribed to two possible mechanisms, including the multivalent effect by the presence 
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of multiple aptamers on the nanomaterial surface, or the fluidic nature of the aptamer-micelles. 

To explain these interesting observations, the two mechanisms are under investigation.  

Since both types of nanomaterials have greatly improved dissociation constants at 40C, 

multivalent effect should exist for both of them. This would not, however, explain why the two 

types of nanomaterials would have different binding patterns at physiological temperature. Thus, 

we believe that multivalent effect would not be the main reason for these interesting observations.  

 

 
 

Figure 2-20.Scheme depicting the hypothesized interaction between dye-doped aptamer-micelle 
and cells. (A) At the first step, one or two aptamers on the aptamer-micelle surface 
have weak interactions with target proteins on the cell membrane. (B) At the second 
step, the fluidic nature of the aptamer-micelle leads to the rearrangement of aptamer-
lipid units to make more and stronger interactions with multiple target proteins on the 
cell membrane; meanwhile, the aptamer-micelle is drawn closer to the cell 
membrane. (C) At the third step, the aptamer-micelle fuses with cell membrane and 
releases the doped dye. (D) After multiple processes, some of the aptamer-lipids 
localize in the endosome inside the cells, while the others remain on the cell 
membrane. However, since the structure of hydrophobic lipid tails pointing toward 
aqueous solution is not favored, most of the bound aptamer-lipids flip and insert into 
the cell membrane with or without weak interaction between aptamer heads and target 
proteins. 
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Instead, we believe that the fluidic nature of aptamer-micelles plays an important role in 

preserving the binding ability of the otherwise low-affinity aptamers. Similar to the lipid bilayers 

in the cell membrane [171], aptamer-lipids are in constant motion in the aptamer-micelle, 

although the micelle itself is relatively stable. We therefore hypothesize that a four-stage process 

occurs when aptamer-micelles are incubated with cells (see scheme in Figure 2-20). We assign 

these stages to each of four steps: A through D. In step A, when the temperature is raised to 37 

0C, TDO5 undergoes a conformational change, which leads to the weak binding with target 

protein, wherein the Kon rate is slow, while the Koff rate is fast, resulting in an insignificant 

apparent binding shift of free TDO5. This occurs during step A, when only a couple of individual 

aptamer-lipids have weak interactions with a couple of receptor proteins. At step B, however, the 

lipid units rearrange their relative position to some extent, leading to more individual aptamer-

lipids having a better fit into the binding pockets of more target proteins. Because the aptamer-

micelle has localized multiple aptamers, the binding interactions between the TDO5 ligands and 

the target proteins have an additive effect, increasing the binding ability of the aptamer-micelle. 

This step is critical, and it is speculated to be the main reason for a difference in binding ability. 

TDO5/SWNTs are unable to retain their binding affinity at 37 0C, presumably because the 

aptamer moieties are fixed onto the surface of the SWNT. Therefore, although it might also have 

localized multiple weak interactions by the presence of the multiple aptamers, its binding status 

could not be favored under the dynamic binding equilibrium. By contrast, in step B, the whole 

micelle is drawn much closer to the cell membrane as a result of the weak, but additive, 

interactions. Additionally, for the same reason, the local concentration of aptamer-micelle is 

greatly increased, which further increases the possibility of interaction between micelle and cells. 

In step C, because the micelle is in close proximity to the cell membrane, it disintegrates and 
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fuses with the cell membrane. After multiple cellular processes, some aptamer-lipids that have 

fused with the cell membrane will further permeate the cell during a process of membrane 

recycling, while others remain on the cell membrane.  This is step D. Some aptamer-lipids, 

which originally bind to the target proteins, might flip and insert into the cell membrane with or 

without any interaction with proteins since the structure with hydrophobic tail pointing into 

aqueous solution would not be thermodynamically favored. In this proposed mechanism, the 

kinetic trap which favors a long live of whole micelle structure near the cells to ensure aptamers 

function as a specific recognition ligand is critical and previous step for nonspecific 

disintegration of micelle into the cell membrane.  

 
 

Figure 2-21.Fluorescence emission spectra of NBD-PC: POPC, TMR-DNA-lipid and mixture 
(NBD-PC: POPC in the presence of TMR-TDO5-lipid) in PBS buffer (pH7.4): NBD-
PC: POPC (blue curve), TMR-TDO5-lipid (red curve), mixture (light green curve), 
mixture after adding Triton (purple curve). Instead of TMR-TDO5-lipid, TMR-DNA 
(inserted upper graph) and no dye labeled TDO5-lipid (inserted bottom graph) were 
mixed with NBD-PC: POPC with or without the presence of Triton, respectively. 
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To investigate the possibility of fusion in step C, we first utilized liposomes to mimic the 

cell membrane lipid bilayer. By mixing NBD-labeled liposomes (NBD-PC: POPC) and TMR-

labeled DNA-lipid, we monitored lipid bilayer-DNA lipid interactions by Fluorescence 

Resonance Energy Transfer (FRET). As shown in Figure 2-21, the blue curve represents the 

NBD emission spectrum from NBD-liposome only, and the red curve represents the TMR 

emission spectrum from TMR-micelle only. After the two materials were gently mixed, an 

increase in TMR emission and a decrease in NBD emission were observed by exciting NBD-

labeled liposome, indicating that FRET had occurred between the two probes. By further adding 

Triton X-100, which was reported to induce complete loss of FRET (100% membrane fusion) 

[172], further increase in TMR emission was observed, indicating that FRET was indeed caused 

by the fusion of DNA-micelle with liposome lipid bilayer. Control experiment by mixing NBD-

liposome with TMR-DNA shows no occurrence of FRET, nor did FRET occur in the absence of 

mixing dye-labeled liposome with DNA-lipid. These findings indicate that TMR-micelle can 

fuse with cell membrane mimic liposome. These buffer experiments, combined with the 

observations mentioned in the main text (extremely low off rate and fast release of doped dye 

into the cells), indicate that the micelle can disintegrate and fuse with the cell membrane 

(described in step C). This process is a specific binding from multiple aptamers inducing 

nonspecific insertion. 

As mentioned in the main text, the results shown in Figure 2-9 demonstrate the possibility 

of internalization in step D. 

Conclusions 

In summary, we have developed an aptamer-micelle assembly for efficient 

detection/delivery targeting specific cancer cells. This aptamer-micelle enhances the binding 

ability of the aptamer moiety at physiological temperature, even though the corresponding free 
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aptamer loses its binding ability under the same condition. The merits of aptamer-micelles 

include greatly improved binding affinity, low Koff once on the cell membrane, rapid targeting 

ability, high sensitivity, low CMC values, and the creation of a dual drug delivery pathway. Most 

importantly, the aptamer-micelles show great dynamic specificity in flow channel systems that 

mimic drug delivery in the blood system. All of these advantages endow this unique assembly 

with the capacity to function as an efficient detection/delivery vehicle in the biological living 

system.   

Table 2-1.  List of all oligonucleotides used in this work 
Name Sequence 

aptamer-
lipids and 
library-lipid 

FAM-TDO5-
lipid 

5`-lipid tail-(CH2CH2O)24-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC 
AGG GTC TCC TCC CGG TGA-FAM-3`  

Biotin-
TDO5-lipid 

5`-lipid tail-(CH2CH2O)24-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC 
AGG GTC TCC TCC CGG TGA-biotin-3` 

TMR-TDO5-
lipid 

5`-lipid tail-(CH2CH2O)24-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC 
AGG GTC TCC TCC CGG TGA-TMR-3` 

KK-lipid  5`-lipid tail-(CH2CH2O)24-ATC CAG AGT GAC GCA GCA GAT CAG TCT ATC 
TTC TCC TGA TGG GTT CCT AGT TAT AGG TGA AGC TGG ACA CGG TGG 
CTT AGT-FAM-3` 

KB-lipid 5'- lipid tail-(CH2CH2O)24-ACA GCA GAT CAG TCT ATC TTC TCC TGA TGG 
GTT CCT ATT TAT AGG TGA AGC TGT-FAM-3' 

Library-lipid 5'- lipid tail-(CH2CH2O)24-(N)n *-FAM -3'  
Aptamers 
and library 

FAM-TDO5 5`-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCC TCC 
CGG TGA-FAM-3` 

FAM-KK 5`-ATC CAG AGT GAC GCA GCA GAT CAG TCT ATC TTC TCC TGA TGG 
GTT CCT AGT TAT AGG TGA AGC TGG ACA CGG TGG CTT AGT-FAM-3` 

FAM-KB 5`-ACA GCA GAT CAG TCT ATC TTC TCC TGA TGG GTT CCT ATT TAT 
AGG TGA AGC TGT-FAM-3' 

FAM-library 5`- NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN 
NNN NNN NNN-FAM -3' 

TDO5 for Au 
NP 

5`-Cy5-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCC 
TCC CGG TGA TTT TTT TTT TTT TTT-biotin -3` 

Library for 
Au NP 

5`-Cy5-NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN 
NNN NNN NNN NNN TTT TTT TTT TTT TTT-biotin -3` 

Biotin-TDO5 
for flow 
channel 

5`-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCC TCC 
CGG TGA TTT TTT TTT T-biotin-3` 

Biotin-sgc8 
for flow 
channel 

5`-ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GAT 
TTT TTT TTT-biotin-3` 

*N is random base, and n is equal to the base number of corresponding aptamers. 
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CHAPTER 3 
NUCLEIC ACID BEACONS FOR LONG-TERM REAL-TIME INTRACELLULAR 

MONITORING  

Introduction 

Advanced cancer research, especially disease process study, as well as drug discovery 

protocols, presuppose the need for superstable molecular probes for use in long-term real-time 

gene monitoring inside living cells, as well as in vivo monitoring inside animals. Such probes 

should be able to resist nuclease digestion and avoid cellular protein binding. One probe, the 

molecular beacon (MB) [96,173-177], promises to meet these requirements. The MB is a short 

hairpin oligonucleotide probe which produces a fluorescence signal upon hybridizing to specific 

nucleic acids. Although MBs have been used for real-time intracellular detection, DNA-MBs are 

known to yield false positive signals. This results from multiple intracellular interactions that 

degrade DNA-MBs, or change their conformation, through processes such as endogenous 

nuclease degradation and/or stem-loop structure disruption by nucleic acid binding proteins [85]. 

Consequently, a biostability problem arises which has been addressed by incorporating nuclease-

resistant building blocks, such as phosphorothioate [86], 2‘-O-methyl RNA bases [88], peptide 

nucleic acids [89], and locked nucleic acids (LNA) [93], into MB designs. Among these 

candidates, MBs with LNA bases have demonstrated adequate biostability in vitro [93,178]. 

Nevertheless, the overall effectiveness of fully modified LNA MB is compromised by extremely 

slow hybridization rates. A practical LNA based MB for long-term real-time mRNA monitoring 

inside the living cells is yet to realize. In this chaper, we report the design of effective MBs and 

evaluate their pratical applications inside the living cells. 
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Experimental Section 

Chemicals and Reagents  

The MBs prepared are listed in Table 3-1. DNA and LNA synthesis reagents were 

purchased from Glen Research (Sterling, VA). Deoxynuclease I, ribonuclease H, and single-

stranded binding protein were purchased from Fisher. 

Table 3-1.  Optimized LNA-MBs for Intracellular Experiments 
optimized LNA-
MBs Sequence 

β-actin MB 5‘-Cy3-CAGTCGAGGAAGGAAGGCTGGAAGAGCGACTG-BHQ2-3’ 
MnSOD MB 5‘-Cy3-CCTAGCCAGTTACATTCTCCCAGTTGATTGCTAGG-BHQ2-3’ 
control MB 5‘-AF488-CTAGCTCTAAATCACTATGGTCGCGCTAG-BHQ1-3’ 
Note: Italic letters represent LNA bases, and underlined letters are bases for the MB stem. 
Equipments  

An ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA) was used for 

all MB probes and DNA target preparation. A ProStar HPLC (Varian, Walnut Creek, CA) with a 

C18 column (Econosil, 5μ, 250 mm × 4.6 mm) from Alltech (Deerfield, IL) was used for probe 

purification. A Cary Bio-300 UV spectrometer (Varian, Walnut Creek, CA) was used to measure 

absorbance for probe quantitation. Fluorescence measurements were performed on a Fluorolog-

Tau-3 spectrofluorometer (Jobin Yvon, Inc., Edison, NJ). The protein concentrations in the cell 

lysate were determined with Bio-Rad protein assay dye reagent concentrate (Bio-Rad 

Laboratories Inc.) by comparing with a bovine serum albumin (BSA) calibration curve. Cell 

images were taken with a confocal microscope setup consisting of an Olympus IX-81 inverted 

microscope with an Olympus FluoView 500 confocal scanning system and tunable argon ion 

laser (458 nm, 488 nm, 514 nm) and a green HeNe laser (543 nm) with two separate 

photomultiplier tubes (PMT) for detection. A 40× 0.6 NA air objective was used. A Leiden 

microincubator with a TC-202A temperature controller (Harvard Apparatus, Holliston, MA) was 

used to keep the cells at 37 °C during injection and monitoring. An EXFO Burleigh PCS-6000-
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150 micromanipulator was used for positioning the injector tip. An Eppendorf Femtojet 

microinjector with 0.5 μm Femtotips was used to inject the MBs into the cells. Image acquisition 

and analysis were conducted with the FluoView software. 

Molecular Beacon Synthesis 

All oligonucleotides were synthesized based on solid-state phosphoramidite chemistry at a 

1 μmol scale. All LNA MBs labeled by FAM were synthesized with controlled-pore glass 

columns with a 3’-Dabcyl molecule covalently linked to the CPG substrate. FAM 

phosphoramidite was used to couple to the 5’ end of the sequence. The complete MB sequences 

were then deprotected in concentrated ammonia hydroxide at 65oC overnight and further 

purified with reverse phase high-pressure liquid chromatography (HPLC) on a C-18 column and 

ion-exchange HPLC (Dionex DNAPacTM PA-100 column (40 × 250 mm, or semipreparative), 

30%-70%, 45 min gradient 1 M NaCl/20 mM NaOH, pH 12). For the MBs labeled with Cyanine 

3(Cy3), FAM phosphoramidite was replaced by Cy3 phosphoramidite, and 3’-Dabcyl CPG was 

replaced by 3’- Blackhole Quencher 2 (BHQ2) CPG. For the MBs labeled with AF488, off-

column synthesis was required. The synthesis began with 3’-Blackhole Quencher 1 (BHQ1) 

CPG and ended with 5’-amino-modifier C6 phosphoramidite. After that, the sequence was 

purified and deprotected by 2% acetic acid to activate the amino group. Then, off-column 

synthesis was conducted in sodium carbonate buffer (pH=9) with Alexa Fluor 488 carboxylic 

acid succinimidyl ester (Invitrogen) with 10-fold higher concentrations. 

Hybridization Kinetics Study 

Hybridization experiments were obtained using 100 nM of MBs and 500 nM targets in a 

total volume of 150 μL. The buffer used was 20 mM Tris-HCl (pH 7.5) containing 5 mM MgCl2 

and 50 mM NaCl. The fluorescence intensities were measured as a function of time. 
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DNase I Sensitivity 

To test the nuclease sensitivity of MBs, the fluorescence of a 150 ul solution containing 20 

mM Tris-HCl (pH 7.5), 5 mM MgCl2, 50 mM NaCl and 100 nM MBs was monitored as a 

function of time at room temperature. Two units of ribonuclease-free DNase I were added and 

any subsequent fluorescence change was recorded. 

RNase H Sensitivity 

To test the susceptibility of molecular beacon-target mRNA hybrids to the digestion of 

ribonuclease H, 100 nM of MBs were incubated with the same concentration of RNA target as 

indicated in the above buffer. After the hybridization reached equilibrium, 12 units of 

ribonuclease H were added, and the subsequent change in fluorescence was monitored as a 

function of time. 

Protein Binding Study 

Gel electrophoresis was performed to study the interactions between Single-Stranded DNA 

Binding Protein (SSB) and MBs. In the buffer containing 20 mM Tris-HCl (pH 7.5), 5 mM 

MgCl2 and 50 mM NaCl, 5 μM MB was first incubated with the same concentration of SSB. 

After one hour, the solution was analyzed in a 3% agarose gel at 100V in TBE buffer for 50 

minutes. The gel was then stained by Coomassie blue G 250 stain solution (Bio-Rad) for one 

hour and washed with de-ionized water for 30 minutes. The image of the resulting gel was 

achieved by scanning on a regular scanner. 

Cell Lysate Preparation 

A 75 cm2 flask of 95% confluent MDA-MB-231 was washed with serum-free medium 

(Leibovitz's L-15 medium with l-glutamine, ATCC) for 1 h in the incubator. After removal of the 

serum-free medium (SFM), the cell cultures were suspended in 3 mL of ice-cold detergent-free 

buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 2 mM EGTA, 0.33 M sucrose, 1 mM 
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dithiothreitol) containing a broad-range protease inhibitor cocktail (Roche Molecular 

Biochemicals, Indianapolis, IN). The cells were then scraped off the flask using a plastic cell 

scraper and passed five times through a 27 1/2 gauge needle. The samples were fractionated by 

centrifuge at 1000g for 10 min at 4 °C to isolate the nuclei, and the supernatant was the cytosolic 

fraction. After one more washing with the detergent-free buffer, the nuclei pellet was 

resuspended in a lysis buffer (20 mM HEPES, 1 mM EDTA, 2 mM EGTA, 150 mM NaCl, 0.1% 

sodium dodecyl sulfate (SDS), 1% Igepal, and 0.5% deoxycholic acid, pH 7.5) containing a 

broad-range protease inhibitor cocktail (Roche Molecular Biochemicals) and mixed for 90 min at 

4 °C to ensure full membrane lysis. After centrifugation at 1000g, the supernatant was the 

nuclear fraction. Each fraction's protein concentration was determined, using the Bradford 

protein assay, and was stored at −80 °C until use.  

Biostability Study with Cell Lysate 

With the fluorometer, the fluorescence intensity change of MBs was monitored upon the 

addition of 2 μL of 4 μg/mL cell lysate fractions (nuclear or cytosolic fraction) into the 100 nM 

MB solutions. The buffer used was 20 mM Tris-HCl (pH 7.5) containing 5 mM MgCl2 and 50 

mM NaCl. 

Imaging and Data Collection 

All the cellular fluorescent images were collected by the confocal microscope using laser 

excitation. The control MB with AF488 was excited at 488 nm and collected at 520 nm. The 

MnSOD MB and β-actin MB with Cy3 was excited at 543 nm and collected at 570 nm. The 

probe solution used in the experiments contains a 4 μM concentration of each MB in 20 mM 

Tris, 50 mM NaCl, and 5 mM MgCl2 buffer. Images were taken every minute or every other 

minute. The microscope shutter was opened only long enough to allow the laser to illuminate the 

injected cells while a fluorescence image was collected at each of the required time points to 
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avoid unnecessary dye photobleaching and any damage to the cells. A region surrounding each 

of the injected cells was used to determine the average fluorescence intensity for each channel at 

each time point. These average intensities for each cell at each time point were recorded and 

plotted against the time frame. For long-time imaging, some cells might change their shapes or 

move slightly. The signal region for analysis was accordingly adjusted to achieve more accurate 

data. The data collection was stopped when the injected cell changed its shape, a circumstance 

which raised some concerns about cell viability. The relative fluorescence intensities were 

calculated by directly comparing the current intensity with its intensity at the beginning state for 

each case. For data given in Figure 2c, the relative fluorescence intensity ratios were calculated 

by the average ratios from the final five points divided by the monitoring starting point (for the 

cases without LPS treatment) or by the data points right before LPS treatment (for the cases with 

LPS treatment). The error bars represent the standard deviation from the calculated five data 

points for each case. 

Results and Discussion 

MB Design and in vitro Characterization 

We demonstrated that MBs made entirely of LNA improves biostability and sequence 

selectivity greatly in vitro [93]. However, we discovered that the overall effectiveness of fully 

modified LNA-MBs can be compromised by extremely slow hybridization rates. To overcome 

the limitations of MBs in intracellular measurements, we made design modifications by mixing 

LNA and DNA bases in both the stem and loop of a MB, resulting in MBs that can effectively 

measure intracellular events with extremely high biostability (Table 3-1). As shown in in vitro 

testing (Figure 3-1), these MBs combine long-term stability with excellent sensitivity, selectivity, 

and fast hybridization kinetics.  
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Figure 3-1. Representative in vitro biostability experiments of the optimized LNA-MBs. (a) Gel 
electrophoresis of SSB solutions containing no MBs (lane 1); the optimized LNA-
MBs (lane 2). Under the experimental conditions, SSB migrates significantly slower 
than the negatively charged MB and will only migrate when it is in complex with the 
MB. Thus, the representative gel electrophoresis result for an optimized LNA-MB 
showed little SSB binding. (b) Fluorescence signal change of LNA and DNA-MB 
upon the addition of ribonuclease-free DNase I. In the DNase I assay, the 
fluorescence intensity increases as the DNA-MB is digested by DNase I, which 
nonspecifically cleaves phosphodiester bonds. On the other hand, LNA-MBs had no 
response to the addition of excess DNase I. (c) Fluorescence signal change of LNA-
MB upon the addition of RNase H. The RNase H assay mimics false negative results 
that can occur when target mRNA is degraded once it is hybridized with the DNA- 
MB. RNase H specifically cleaves RNA strands that are hybridized with DNA, 
thereby decreasing the target concentration and allowing the MB to reform the hairpin 
structure. No noticeable signal decrease was observed when RNase H was added to 
the duplex of RNA: LNA-MB. 

Our design strategy consisted of two steps. First, in order to maintain the fast hybridization 

rate, the MB stem was consistently composed of 50% LNA in an alternating fashion. Such 

optimized LNA-MBs would then have a fast response to excess complementary target DNA 

(Figure 3-2). When compared to DNA-MBs, it is precisely this hybridization behavior which 

makes it possible to use these LNA-MBs to track gene expression levels in real time. Second, we 

gradually increased the LNA percentage in the loop starting from 50% until the LNA-MB 

satisfied the biostability screening criteria (Figure 3-1).  
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Figure 3-2. In vitro hybridization kinetics of the optimized LNA-MBs. Ten-fold excess cDNAs 
(CTCTTCCAGCCTTCCTTCCT; AATCAACTGGGAGAATGT AACTG; 
GCGACCATAGTGATTTAGA) were added to all three optimized LNA-MBs. The 
hybridization experiments were performed at room temperature in 20 mM Tris-HCl 
(pH 7.5) buffer containing 5 mM MgCl2 and 50 mM NaCl.  

The biostability screening criteria are to test LNA-MBs with various amounts of LNA by 

three types of experiments:  single-stranded DNA binding protein (SSB) interaction, DNase I, 

and ribonuclease H (RNase H) digestion. The in vitro biostable LNA-MBs which passed all three 

in vitro biostability tests were termed optimized LNA-MBs, as listed in Table 3-1, and they were 

then used for further study inside living cells. 

MB in vitro Testing with Cellular Samples 

Before we attempted to use the LNA-MBs for intracellular measurements, we tested them 

with cytosolic and nuclear fractions of MDA-MB-231 cells. DNA-MB was used for a 

comparison, and the results are shown in Figure 4-3. When the cell lysate was added to the 

DNA-MB solution, we saw a significant fluorescence increase over time. In contrast, there was 

no such fluorescence increase for any of the optimized LNA-MBs, clearly demonstrating that the 

LNA-MB can sustain biostability for a long period of time, even with cell lysate samples. This 

finding enabled us to test the feasibility of the LNA-MB as a long-term molecular probe for 
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mRNA monitoring inside living cells. To accomplish this, the LNA-MB was microinjected into 

living cells, and their hybridization with nucleic acid targets was monitored through fluorescence 

by confocal microscopy. The LNA sequences showed little nucleus accumulation problem inside 

MDA-MB-231 cancer cells; therefore, the average fluorescence intensities around the injected 

cells were determined for data analysis.  

 
Figure 3-3. Normalized representative fluorescence intensity changes of DNA-MB and LNA-

MB with cytosolic and nuclear fractions from MDA-MB-231 cell lysate. The DNA-
MBs had a significant fluorescence increase over time, while the LNA-MBs had no 
significant fluorescence changes. 

Long-Term Monitoring Inside Living Cells 

The LNA-MB was observed to monitor mRNA expression inside a living cell for more 

than 5 h. To further evaluate the biostability and mRNA detection ability of LNA-MBs in living 

cells, we used LNA bases to synthesize both control MB and MnSOD MB, which were co-

injected into MDA-MB-231 cancer cells. The control LNA-MB and MnSOD LNA-MB were 

made with donor fluorophores (Alexa Fluor (AF488) and Cyanine (Cy3), respectively). Because 

their excitation and emission wavelengths do not overlap, both beacons could be imaged 

simultaneously in our confocal system [179]. In this experiment, lipopolysaccharide (LPS) was 
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used to stimulate MnSOD mRNA expression inside living cells [180]. The control LNA- MB 

had no complement inside the cells. Therefore, we determined that the signal from the control 

LNA-MB would be stable, as long as the MB was not degraded by nucleases or nonspecifically 

opened by protein binding. As shown in Figure 3-4a,b, the fluorescence signal of the control MB 

did not change noticeably, even after 5.5 h (1.5 h before LPS treatment plus another 4 h after 

treatment). At the same time, the MnSOD LNA-MB was effective in monitoring MnSOD 

mRNA expression over a 5.5 h period. Also, as shown in Figure 3-4a, there is a slow 

fluorescence increase in the MnSOD LNA-MB before LPS induction, whereas the fluorescence 

stays flat for the control MB. As the basal level of MnSOD is very low inside the cell, the 

number of newly formed hybrids caused by hybridization is slowly increased over time. We 

tested multiple cells, which showed the same trend as that discussed above, and the relative 

fluorescence signal changes from the injected cells are plotted in Figure 3-4c. Overall, these 

results showed that the basal MnSOD expression level in MDA-MB-231 cells was low, but that 

MnSOD mRNA could be highly expressed with LPS treatment. In addition, the hybridization 

kinetics of LNA-MBs inside the cells (with either synthetic complement DNA or native mRNA, 

Figure 3-2, 3-5) was within minutes. The prolonged signal increase, as seen in Figure 3-4a, 

suggests a continuously induced mRNA expression. Because the signal for the control MB inside 

the living cells during the same time period was not changed, the long-term stability of the LNA-

MBs was further confirmed. The small fluctuation of signal enhancement ratios among these 

cells only reflects a cell-to-cell gene expression variation. These cell-to-cell differences might 

have been a consequence of some membrane ruffling and cell morphology changes during the 

monitoring period, as indicated in the time-lapse images shown in Figure 3-4b. 
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Figure 3-4. Representative microinjection experiments. (a) Relative fluorescence signal changes 

of control MB and MnSOD MB during 1.5 h without LPS treatment and during 4 h 
with LPS treatment. The y-axis represents the signal changes relative to the initial 
fluorescence signal directly after microinjection (Supporting Information). (b) Time-
lapse of control MB (green) and MnSOD MB (red) inside a MDA-MB-231 cell. The 
control MB fluorescence did not change over time, but that for MnSOD changed 
significantly as the gene expression was stimulated by LPS. (c) Histograms of relative 
fluorescence signal change of MnSOD MBs (no pattern) and control MB (cross-
hatched pattern) without LPS and with LPS treatments within different cells.  
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Figure 3-5. In vivo hybridization kinetics of the optimized control LNA-MB and ß-actin MB. (a) 
The first segment represents two typical time course measurements of the 
fluorescence intensity of two cells after optimized LNA control MB is injected into 
the cells. The second segment illustrates the hybridization kinetics of control MB 
with excess cDNA (GCGACCATAGTGATTTAGA) introduced into the same cells. 
(b) Time course fluorescence intensity measurements of the optimized LNA ß-actin 
MB with native mRNA in two living cells. 

Long-Term Stability of MBs   

The LNA-MBs are also shown to be effective for nucleic acid monitoring, even after 24 h 

inside living cells. To demonstrate this, the control LNA-MB was injected into a cell and 

incubated for 24 h before the cell was used for nucleic acid hybridization studies. A target 

complementary DNA solution was injected into the cell 24 h after the original control LNA-MB 

injection. Time-lapse fluorescence images (Figure 3-6) show that the control LNA-MB remains 

functional, even after incubating inside the cells for 1 full day. We also tested the enhancement 

of the LNA-MB by adding cDNA for the LNA-MB, both immediately after MB injection and 24 

h later. The signal enhancements in both cases are about the same, 2.26 for immediate second-

injection (standard deviation is 32.9%) and 2.02 for delayed second-injection (standard deviation 
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is 4.24%). The fact that the LNA-MB showed the same response to complementary DNA after 

24 h of incubation inside a living cell proves that the LNA-MBs can be used for long-term 

monitoring of gene expression inside living systems.  

 
 

Figure 3-6. Time-lapse fluorescence images after microinjection of excess cDNA into the same 
cell which has been injected by the optimized control MB after 24 h.  

Conclusions 

We have created LNA-MBs that have superior resistance to enzymatic cleavage and 

protein binding and that retain their functions inside cells, even after 24 h of incubation. To put 

this into perspective, DNA-MBs degrade after about 15-45 minutes in the cellular environment 

[81]. In contrast, the newly designed LNA-MBs provide outstanding biostability which extends 

their application to long-term real-time intracellular gene monitoring and possible in vivo 

monitoring inside living animals. In particular, we will be able to study gene expression levels 

within a single cell, making it possible to carry out experiments in which specific cells within a 

tissue or tumor can be monitored over long time periods. Examples include (1) following gene 

expression in a single cell as it differentiates, (2) observing specific cells during development, (3) 

measuring cellular responses to drugs, and (4) studying specific cellular reorganization processes 

in cancer, i.e., tumor cell migration and angiogenesis. The superstability of the newly designed 
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LNA-MBs makes them an effective tool for many in vivo studies and monitoring where stability 

of the molecular probe is needed for a protracted period of time. 

 

 

 



 

107 

CHAPTER 4 
CARBON NANOTUBES PROTECT DNA STRANDS DURING CELLULAR DELIVERY 

Introduction 

As noted in Chapter One, for efficient intracellular mRNA monitoring, an ideal molecular 

probe should not only have an adequate biostability, but also should overcome two other major 

problems: extremely low self-delivery efficiency of nucleic acids into the cell and serious 

nucleus accumulation. Insterestingly, by the DNA probe/SWNT (single-walled carbon nanotube) 

complexes, all three problems have been simultaneously addressed. Although SWNTs have been 

intensively studied for 18 years, this is the first report about SWNTs’ protection ability for their 

DNA cargos from nonspecific intracellular interactions. Thus, this chapter focuses on the 

protection ability SWNTs have endowed to their DNA cargos, while introducing other benefits 

SWNTs bring to DNA probes for their applications in intracellular mRNA monitoring.  

Bioanalytical and biomedical applications to cancer cells, particularly those which involve 

probe delivery for intracellular gene monitoring and targeted drug delivery, depend upon 

uninhibited transport of DNA, RNA, or drug molecules into living cells. However, some cargos, 

such as DNA, are easily degraded by cellular enzymes or digested by cellular nucleases. This 

problem is compounded by the fact that most delivery systems take several hours to transport 

cargos into cells; therefore, a delivery system which can provide protection for DNA cargos 

during prolonged transport would be useful. To this end, inorganic nanomaterials, including 

nanoparticles, nanotubes, and nanowires, have exhibited promising physical properties which 

make them useful as molecular transporters [142,181-189]. To date, however, only a few 

nanomaterials, such as silica nanoparticles [181], silica nanotubes [187], and gold nanoparticles 

[94], offer viable protection properties. Aside from these, the most promising of all may be 

single-walled carbon nanotubes (SWNTs) which have been shown to shuttle various types of 
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cargos into a wide range of cell types. These include the biologically and medically more 

relevant T cells and primary cells, which are difficult to transfect by traditional delivery methods 

[190,191]. Therefore, this research investigates whether SWNTs can, additionally, provide 

protective properties similar to silica or gold nanoparticles, thus ultimately shielding bound DNA 

sequences from cleavage during in vivo cellular delivery. By evaluating biostabilities using DNA 

molecular beacon as the model system, other benefits which this SWNT modification method 

endows to DNA probe are investigated as well. 

Experimental Section 

Materials and Instruments 

The sequences of DNA and RNA oligonucleotides prepared are listed in Table 4-1. DNA 

synthesis reagents were purchased from Glen Research (Sterling, VA). The SWNTs were 

purchased from Unidym, Inc. with <5 wt % ash content (CAS number: 7782-42-5). An ABI3400 

DNA/RNA synthesizer (Applied Biosystmes, Foster City, CA) was used for all MB probes and 

DNA target preparation. A ProStar HPLC (Varian, Walnut Creek, CA) with a C18 column 

(Econosil, 5 μm, 250 × 4.6 mm) from Alltech (Deerfield, IL) was used for probe purification. A 

Cary Bio-300 UV spectrometer (Varian, Walnut Creek, CA) was used to measure absorbance for 

probe quantitation. Fluorescence measurements were performed on a Fluorolog-Tau-3 

spectrofluorometer (Jobin Yvon, Inc., Edison, NJ). Cell images were conducted with a confocal 

microscope setup consisting of an Olympus IX-81 inverted microscope with an Olympus 

FluoView 500 confocal scanning system. A 40 × 0.6 NA air objective was used. 

Synthesis of Molecular Probes 

All oligonucleotides were synthesized based on solid-state phosphoramidite chemistry at a 

1 μmol scale. Both molecular probes listed in Table 4-1 were synthesized with controlled-pore 

glass columns with a 3′ -Black Hole Quencher 2 molecule (BHQ2) covalently linked to the CPG 

http://pubs.acs.org/doi/full/10.1021/nn800325a#tbl1�
http://pubs.acs.org/doi/full/10.1021/nn800325a#tbl1�
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substrate. The complete MB sequences were then deprotected in concentrated ammonia 

hydroxide at room temperature overnight and further purified with reverse phase high-pressure 

liquid chromatography (HPLC) on a C18 column with a linear elution gradient with TEAA 

(triethylammonium acetate) in acetonitrile changing from 20 to 70% over a 30 min period. The 

collection from the first HPLC separation was then vaccuum-dried, incubated in 200 μL 80% 

acetic acid for 15 min, incubated with 200 μL of ethanol, and vaccuum-dried before the second 

round of HPLC. The HPLC was performed on a ProStar HPLC Station (Varian, CA) equipped 

with a fluorescent and a photodiode array detector. 

Table 4-1.  Probes and Oligonucleotides Used in This Work 
name Sequence 
MnSOD probe 5′-TTTTTTTTTTTTTTTTTTTT(CH2CH2O)36Cy3-

CGAGCCAGTTACATTCTCCCAGTTGATTGCTCGG−BHQ2−3′ 
Random DNA probe 5′-Cy3-CCTAGCTCTAAATCACTATGGTCGCGCTAGG-BHQ2−3′ 
MnSOD cDNA 5′-AATCAACTGGGAGAATGTAACTG−3′  
GT 5′-GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT-3′ 
 
Synthesis of GT/SWNT 

Because of radioactive safety concerns and laboratory facility limitations, the SWNTs were 

cut before complexing with radioisotope-labeled GT sequence. The SWNTs were treated with a 

strong acid mixture (nitric acid/sulfic acid = 3:1) and sonicated for 24 h. After washing with 

water, 1 mg/L treated SWNT was mixed with 0.1 μM GT sequence labeled with 32P at room 

temperature and rocked for 24 h. The resulting complex was directly used for the digestion test. 

Synthesis of MnSOD Probe/SWNTs 

Since neutral SWNTs are the popular form for cellular application, we wanted to 

investigate its protection ability during cellular delivery. The SWNTs were ultrasonicated by 

sonic dismembrator (Fisher Scientific, Model 100) for 1 h. Then about 200 mg/L SWNT was 

mixed with 20 μM MnSOD probe aqueous solution. The mixture was sonicated for another 45 

min to 1 hour. Afterwards, the probe/nanotube solution was centrifuged at 22 000g for 6 h. The 
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pellet comprising impurities and aggregates of nanotubes at the bottom of the centrifuge tube 

was discarded, and the supernatant was collected and ultracentrifuged for another 6 h at 22 000g. 

The supernatant is the MnSOD probe/SWNTs, which turned out to be soluble. After dialysis, the 

complex was stored at 4 °C. The solubilized SWNTs are not well-dispersed individual 

nanotubes, but a mixture of nanotube bundles and individual nanotubes. 

Cellular Experimental Procedures 

MDA-MB-231 cells (ATCC, HTB-26) were cultured in Leibovitz’s L-15 medium with 2 

mM l-glutamine supplemented with 10% fetal bovine serum (all reagents from Invitrogen). Cells 

were plated into chambered coverslides 1 day before the experiments so that cells would be 

about 90% confluence during the experiments. The concentrated MnSOD probe/SWNTs were 

added to each well at a final concentration of about 25 mg/L. The incubations were carried out at 

37 °C air atmosphere for 12 h. After incubation, the cell medium was decanted from the well, 

and the cells were washed thoroughly. To stimulate MnSOD mRNA expression, cells were 

incubated in 1 μg/mL LPS from E. coli serotype 055:B5 (Sigma) for 4 h prior to cellular 

imaging. The control experiments were conducted under the same conditions, but without LPS 

stimulation. 

Results and Discussion 

Protection in GT/SWNT 

To investigate the protective properties of SWNTs, a 30-base-paired single-stranded DNA 

(ssDNA) oligonucleotide with repeating G−T sequence (GT) was used as the model sequence. 

This sequence has been demonstrated to wrap onto the SWNT surface [192,193]. Radioisotopic 

labeling and denaturing PAGE gel were then used to monitor the digestion of DNA by DNase I, 

which can nonspecifically cleave ssDNA and dsDNA. The efficacy of the method was first 

tested to determine whether SWNTs could affect the mobility of bound DNA. To accomplish 
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this, both GT/SWNT complex and free DNA were treated with DNase I, and aliquots were 

collected at 5, 15, and 60 min time points. Aliquots were heated at 95 °C for 5 min before 

running the denaturing PAGE gel. As shown in Figure 4-1, the mobility of both GT and 

GT/SWNT sequences remains the same (lanes 1 and 2), which demonstrates that SWNTs do not 

inherently affect the mobility of their bound DNA. Having determined the viability of the 

method for monitoring digestion in the GT/SWNT complex cases, the same model and protocol 

were used to determine the effect of cleavage. Accordingly, the results of the cleavage assay 

show increased digestion of GT as a function of time, but no digestion for GT/SWNT, even after 

60 min of digestion (Figure 4-1, lanes 3−5 and lanes 6−8, respectively). These experiments 

demonstrate that GT DNA is protected from DNase I cleavage when it is in complex with the 

SWNTs. Although protection from enzymatic cleavage is a useful property for DNA delivery 

into cells, it is also important that DNA probes be functional when in complex with SWNTs.  

 
 

Figure 4-1. Polyacrylamide gel electrophoresis (PAGE) of free GT sequence and GT/SWNT 
complexes by 15% gel. Lanes 1 and 2 are the intact GT sequence and GT/SWNT 
complexes; lanes 3−5 are the GT sequence after DNase I digestion for 5 min, 15 min, 
and 1 h; lanes 6−8 are the GT/SWNT complexes after DNase I digestion for 5 min, 
15 min, and 1 h; lane 9 is the 10 base pair DNA marker. The gel band intensity for 
each lane is plotted in the upper left corner graph. 

http://pubs.acs.org/doi/full/10.1021/nn800325a#fig1�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig1�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig1�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig1�
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Design and Characterization of MnSOD/SWNTs 

 
 
Figure 4-2. (A) Possible interaction between MnSOD probes, the SWNTs, and target mRNA; (B) 

TEM image of MnSOD probe/SWNTs (the scale bar represents 100 nm); (C) 
absorption spectrum of the probe in H2O. 

In order to demonstrate that SWNTs can protect functional DNA probes from enzymatic 

cleavage, a specific DNA probe was first modified and complexed with the SWNTs (possible 

interaction is shown in Figure 4-2 A). This DNA probe, which showed increased fluorescence 

upon binding manganese superoxide dismutase (MnSOD) mRNA [179], was further modified 

with polyT [193] to increase binding to the SWNT. In the absence of target cDNA (cDNA), our 

previous study [194] demonstrated that the designed probe forms a hairpin structure and adsorbs 

onto the SWNTs at room temperature, resulting in low signal intensity from the MnSOD 

probe/SWNTs. This low signal intensity was mainly a consequence of quenching from the Black 

Hole Quencher 2 (BHQ2), but it could have also been the result of quenching from the SWNTs 

http://pubs.acs.org/doi/full/10.1021/nn800325a#sch1�
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[195]. On the other hand, in the presence of target cDNA, the hybridization event separated the 

fluorophore from the quencher, or SWNTs, thus causing the signal enhancement shown in Figure 

4-3. This demonstrates that the MnSOD probe/SWNTs could still respond to the target cDNA 

and that, consequently, the bound DNA was still functional.  

 
 

Figure 4-3. Emission fluorescence spectrum of MnSOD probe/SWNTs in the presence and 
absence of 10-fold excess target cDNA. 

Protection Test in Buffer 

Since the functional sensitivity of the MnSOD probe/SWNTs could be retained, we next 

tested its ability to resist nuclease cleavage in pure buffer. First, a fluorescence-based assay was 

performed as follows. One unit of DNase I endonuclease was added to separate solutions of 50 

nM free MnSOD probes and probe/SWNTs. In this assay, if the probe is digested by DNase I, 

the fluorescence intensity will increase because the donor dye molecule will separate from the 

quenchers. Experiments for both free MnSOD probes and MnSOD probe/SWNTs were 

http://pubs.acs.org/doi/full/10.1021/nn800325a#fig2�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig2�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig2�
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performed under identical conditions. As shown in Figure 4-4 left, probe/SWNTs showed little 

degradation and, correspondingly, little fluorescence, while the free MnSOD probes showed a 

significant fluorescence increase, indicating increased degradation. These preliminary results 

therefore demonstrate that MnSOD probe/SWNTs could be immune to cleavage by DNase I. 

Next, the interactions of free MnSOD probes and probe/SWNTs with single-stranded DNA 

binding protein (SSB) were investigated. This was necessary because, intracellularly, DNA 

probes are subject to nonspecific binding by proteins, which can produce false positive signals. 

One such protein is the ubiquitous single-stranded DNA binding protein [82]. As shown in 

Figure 3-4 right, free probes had a 6-fold increase of fluorescent signal compared to MnSOD 

probe/SWNTs when incubated with SSB. Since the probe/SWNT complex showed little 

response to excess SSB, these results demonstrate that it may well be protected from this form of 

interference during intracellular experiments. 

 
 

Figure 4-4. (Left) Fluorescence signal enhancements of both free MnSOD probes and MnSOD 
probe/SWNTs upon the addition of 1U DNase I. (Right) Fluorescence signal 
enhancements of both probes upon the addition of SSB. Final concentration ratio of 
probe/SSB = 1:5.  

http://pubs.acs.org/doi/full/10.1021/nn800325a#fig3�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig3�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig3�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig3�
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Protection Test in a Cellular Environment 

 
 

Figure 4-5. Bright field and fluorescent images of MnSOD probes/SWNT complexes inside 
MDA-MB-231 cells, (A) without LPS stimulation and (B) with LPS stimulation. All 
the scale bars shown in the graph are 50 μm.  

In the context of their promising DNA protective properties, as demonstrated by these two 

in vitro experiments, probe/SWNT complexes show improved biostability when compared to the 

free probe. However, to further confirm these protection properties, the natural ability of SWNTs 

to be internalized was used to test the probe/SWNTs in a cellular environment. In this assay, the 

probe/SWNTs are delivered by simply incubating the complexes with MDA-MB-231 breast 

carcinoma cells. Under normal culture conditions, this cell line has a low MnSOD expression 

level; however, when exposed to lipopolysaccharide (LPS), an inflammatory mediator involved 

in Escherichia coli bacterial sepsis, MnSOD mRNA expression levels increase substantially 

[179,196]. As a result of the resistance of probe/SWNTs to enzymatic cleavage and nonspecific 

opening, the probe/SWNTs complexes should show lower fluorescence background compared to 



 

116 

the free probes before the cells are stimulated with LPS. Following LPS stimulation, if the 

probe/SWNTs are still functional after long intracellular incubation times, hybridization with 

target mRNA sequences will produce a fluorescent signal that can be detected by confocal 

microscopy.  

 
 

Figure 4-6. Bright field and fluorescent images of free MnSOD probes inside MDA-MB-231 
cells, (A) without LPS stimulation and (B) with LPS stimulation. All the scale bars 
shown in the graph are 50 μm.  

 
 

Figure 4-7. Fluorescence image of one single cell labeled by DAPI (or 4`,6-diamidino-2-
phenylindole, a nucleus indicator, encoded in blue) and MnSOD MB/SWNTs 
(encoded in red). It shows MB/SWNTs stay outside the nucleus.  
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Briefly, 20 μM probes were mixed with 200 mg/L nanotube aqueous solution, sonicated, 

and centrifuged. The pellet comprising the nanotube impurities and aggregates was discarded, 

and the supernatant was collected as the probe/SWNTs, which turned out to be soluble. The 

probe/SWNTs were then incubated with MDA-MB-231 breast carcinoma cells at a final 

concentration of about 25 mg/L for 12 h. Subsequently, the cells were washed and treated with or 

without 1 μg/mL LPS for another 4 h before imaging. As shown in Figure 4-5, a high 

fluorescence signal was observed for most of the cells after LPS stimulation, which indicated the 

up-regulated MnSOD mRNA expression. Control experiments without LPS stimulation were 

carried out under the same conditions, and little fluorescence was observed compared to the 

LPS-stimulated cells. This experiment was repeated, and it was further demonstrated that 

probe/SWNT complexes produce a few false positive signals. For comparison, free MnSOD 

probes were incubated with cells under the same conditions, and low fluorescence signal was 

observed with and without LPS stimulation (Figure 4-6). The background for the free probe 

without LPS stimulation was higher than that of the complexes without LPS stimulation. This 

might have been the result of digestion and the nonspecific opening of very few MnSOD probes 

that were inefficiently self-delivered into the cells after a long incubation time, leading to a false 

positive signal. It might have also been caused by some probes being trapped between the cells. 

If these probes had been digested or disrupted, they would have had no ability to detect the 

different gene expression levels, causing the same fluorescence intensity to be observed with 

LPS stimulation. To confirm this explanation, another free random DNA probe with no 

complement inside the cells was tested under the same conditions, and results identical to those 

of the free MnSOD were obtained, as expected. Thus, the single-walled carbon nanotubes do 

protect probes from digestion and disruption which ensures that the DNA probes can 

http://pubs.acs.org/doi/full/10.1021/nn800325a#fig4�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig4�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig5�
http://pubs.acs.org/doi/full/10.1021/nn800325a#fig5�
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successfully distinguish different gene expression levels free from the types of interference 

examined here. 

Possible Mechanisms for the Protection 

These two sets of experiments, both in buffer and in cell culture, have demonstrated 

improved biostability of probe/SWNTs over the free probes. Specifically, the in vitro 

experiments showed that probe/SWNTs have much better resistance to nuclease digestion and 

nucleic acid binding protein disruption. Furthermore, the intracellular experiments showed that 

probe/SWNTs complexes are functional, even after a total incubation of 16 h. In contrast, free 

DNA degrades after only 15−45 min in the cel lular environment [81]. As a consequence of 

reduced nonspecific opening events, lower background improved the detection sensitivity of 

probe/SWNT complexes. Therefore, this investigation proves that SWNTs have the ability to 

protect bound DNA cargos from enzymatic cleavage and DNA binding proteins both during and 

after delivery into cells.  

As noted above, different nanomaterials exhibit various degrees of DNA protection, but 

the mechanisms of protection are not yet well understood. For example, silica nanoparticles 

exhibit protection of plasmid DNA. It has been proposed that the positive charges on the silica 

nanoparticle surface can exclude Mg2+ and that the DNA conformational change that results 

from binding onto this nanoparticle surface prevents digestion [181]. In the case of silica 

nanotubes, the authors hypothesized that the nanotubes act as a physical shield that protects the 

loaded materials from environmental damage [187]. To date, no reasoning has been provided to 

explain the efficacy of gold nanoparticles [94]. The protective properties of SWNTs, on the other 

hand, may be explained in several ways. First, the probes could be embedded inside small 

bundles of nanotubes such that the nucleases/proteins cannot physically access the DNA. 

Second, although the surface of the SWNT has been modified with hydrophilic groups from the 
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DNA probes, some hydrophobic regions may still remain exposed and cause inhibitory effects on 

proteins that come into close proximity. Finally, the interaction between DNA and SWNTs [193] 

may cause the secondary structure of the DNA to be unrecognizable to enzyme binding pockets. 

Obviously, further investigation is required to address these causal issues to conclusively 

determine the mechanisms underlying the protective properties of probe/SWNTs complexes. 

Other Benefits this SWNT Modification Brings to DNA Molecular Probes 

Besides biostability, SWNTs modification to DNA molecular probes brought other 

benefits for intracellular mRNA monitoring as well. As indicated in Figure 4-5, almosted all the 

cells showed strong fluorescence signals after four hours’ drug stimulation, which indicated that 

this SWNT modification method provides an efficient high-throughput delivery of MB into the 

cells. This definitely avoids the need of traditional tedious microinjection method or costy newly 

developed peptide conjugation.  

In addition, DNA probes usually spontaneously accumulate inside the nucleus after 

injection, which greatly hinders the sensitive detection of intracellular mRNA in the cytoplasm in 

living cells. Howver, this MB/SWNT method interestingly solved this problem. As demonstrated 

in Figure 4-7, the fluorescence signals from MB/SWNTs were not co-localized with the signals 

from DAPI (a traditional nucleus indicator); this indicated that MB/SWNTs prevent the nucleus 

accumulation, thus they are able to stay in the cytoplasm. The possible reason should be ascribed 

to the big size of SWNT and rather small pores on the nucleus membrane [191]. Due to the 

immunity to nucleus accumulation, the interference from nucleus background signal is 

dramatically decreased, resulting rather sensitive detection of mRNA in the cytoplasm. 

Conclusions 

In summary, when bound to SWNTs, DNA probes are protected from enzymatic cleavage 

and interference from nucleic acid binding proteins. These protective properties are particularly 
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important for applications in which DNA probes are used for intracellular measurements. Our 

study shows that a SWNT-modified DNA probe, which targets a specific mRNA inside living 

cells, has increased self-delivery capability and intracellular biostability to nucleus accumulation 

when compared to free DNA probes. Therefore, this novel material provides significant 

advantages for basic genomic studies in which DNA probes are used to monitor intracellular 

levels of molecules and ions. Additionally, for cytoplasmic gene detection by DNA probes, 

nucleus sequestration is a major cause of reduced sensitivity [197]. The DNA/SWNT complexes, 

however, stay within the cytoplasm, enabling cytoplasmic mRNAs to be detected and imaged. 

Furthermore, DNA/SWNT complexes should prove useful as therapeutic agents since they 

exhibit excellent self-delivery properties that could allow DNA-based drugs to exert their 

therapeutic presence for longer time before being degraded by cells. 
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CHAPTER 5 
SUMMARY AND FUTURE WORK 

Engineering Nucleic Acid Probes/Nanomaterials for Cancer Studies 

The high risk of cancer has compelled researchers from various backgrounds to direct their 

efforts toward cancer research. The major cancer studies include cancer diagnosis, cancer 

treatment and intracellular biomolecular studies. As ideal building blocks, multifunctional 

nucleic acids have been investigated in this dissertation as a means of designing various 

molecular probes and probe-nanomaterial conjugates for cancer studies.  

In Chapter Two, in order to enhance the binding capability of otherwise low-affinity 

aptamers at physiological temperature, an aptamer-micelle was constructed by attaching a lipid 

tail on the end of the aptamer. Enhanced specific recognition ability is directly built into the 

nanostructures. Interestingly, the attachment of the lipid tail additionally endows the aptamer-

micelles with internalization pathways, thus allowing cell permeability for drug delivery 

applications.  The aptamer-micelle demonstrates several other beneficial properties, including 

extremely low off-rate once bound to target cells, rapid recognition ablity with enhanced 

sensitivity, low critical micelle concentration values, no cytotoxicity. As noted above, the 

potential of dual drug delivery pathways is created by encapsulating the drug molecules inside 

the aptamer-micelle or by directly conjugating the drug onto the other end of an aptamer via an 

acid-labile linker. Sensitive and specific trace cell detection in the human whole blood sample 

indicates the promising application of this aptamer-micelle strategy in cancer diagnosis. 

Furthermore, we mimicked a tumor site in the blood stream by immobilizing tumor cells onto the 

surface of a flow channel device. Flushing the aptamer-micelles through the channel 

demonstrated their selective recognition ability under flow circulation in a human whole blood 

sample. The aptamer-micelles show great dynamic specificity in flow channel systems mimicing 
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drug delivery in the blood system. When applying the same lipid tail modification strategy to the 

other low-affinity aptamers, a similarly enhanced binding capability was observed, indicating 

that this modification strategy can be a universal method to promote the utilization of aptamers 

in living systems. Although the exact underlying mechanism is yet to be understood, fluid nature 

of the micelle was proposed to be a possible explanation to this interesting phenomenon based on 

our preliminary investigations. Overall, our DNA aptamer-micelle assembly has shown high 

potential for cancer cell recognition and for in vivo drug delivery applications in the blood stream. 

In Chapter Three, to develop a molecular tool for long-term real-time intracellular mRNA 

monitoring inside the living cells, locked nucleic acids (LNAs) were used to engineer novel 

molecular beacons. A strandard design strategy was proposed and complemented to design 

several LNA and DNA chimeric probes, which demonstrated excellent nuclease immunity and 

avoidance of nonspecific DNA binding protein disruption, as well as reasonable hybridization 

kinetics. Besides buffer system studies, the new beacons were tested with MDA-MB-231 breast 

cancer cells and used to monitor changes in the expression of MnSOD mRNA upon LPS 

stimulation for up to 5 hours. After 24 hours inside living cells, the designed MBs were still able 

to response to their targets, demonstrating a greatly enhanced stability. Considering the fact that 

DNA-MBs degrade after 15-45 minutes in the cellular environment, the outstanding biostability 

of the newly designed MBs, while remaining reasonable hybridization kinetics, extends their 

application to many in vivo studies and intracellular monitoring where stability of the molecular 

probe is needed for a protracted period of time. 

Chapter Four investigated the vulnerability of MBs to nuclease digestion and nonspecific 

disruption.  However, when bound to single-walled carbon nanotubes (SWNTs), it was found 

that DNA probes are protected from enzymatic cleavage and interference from nucleic acid 
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binding proteins. These protective properties are particularly important for applications in which 

DNA probes are used for intracellular measurements. With the use of SWNTs, an excellent 

nanocarrier for a variety of cells, DNA-MBs can enter the cells efficiently in a high-throughput 

manner. After SWNT modification, the DNA-MBs were found to retain their functional response 

to the target, either outside or inside the cells. Without the target, the fluorophore from MB was 

quenched by both the flanked quencher and SWNT. Upon hybridization with its target, the MB 

modified on the SWNT surface changed its conformation, resulting in the restoration of 

fluorescence signal. Interestingly, as noted above, SWNTs were demonstrated to provide 

protection to its DNA-MB cargos from nuclease digestion and nonspecific disruption with DNA 

binding proteins during cellular delivery. After about 16 hours of incubation with cells, the 

SWNT/MB complex was still able to detect the stimulated MnSOD mRNA expression upon the 

LPS stimulation. In addition, because of the large size of SWNTs, SWNT/MB complexes avoid 

the probes’ nucleus accumulation and further enhance their detection sensitivity.   

Future Directions 

Aptamer-Micelle for Targeted Gene Therapy 

Modulation of cancer-related genes has become a popular cancer treatment. To deliver 

therapeutic agents efficiently across the plasma membrane of the cells in vivo, various delivery 

systems have been developed, including cationic lipids, viral or nonviral vectors, nanoparticles 

[56], or direct modification of the therapeutic oligonucleotides (e.g., chemical, protein, lipid) 

[198-200]. However, most of the approaches can only deliver therapeutic agents to the cells 

nonspecifically. The ideal delivery system should be able to deliver therapeutic agents to target 

cancer cells in a specific manner; because, in this way, the required dosage and quantity of 

therapeutic agents for the treatment can be greatly reduced, as well as the cost and the possibility 

of the side effects.  
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Figure 5-1. Scheme of SPIO NP-doped cross-linked aptamer-micelle for anti-gene drug delivery 
(including miRNA antogamir and siRNA or antisense).  

 
 

Figure 5-2. Working principle of the SPIO NP-doped cross-linked aptamer-micelle for magnatic 
narvigated therapy.  

To realize targeted gene therapy, a few approaches have been attempted. For example, iron 

binding protein transferrin has been used to target colloids composed of siRNA and 
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cyclodextrin-containing polycations and to transfer them to receptor-expressing tumor cells 

[201]. Antibodies that bind cell-type specific cell surface receptors were fused with protamine 

and used for tissue-specific delivery of siRNA [202]. More recently, two independent groups 

have reported an approach that simultaneously executes these two strategies; i.e., using an RNA 

aptamer (PSMA aptamer) conjugated with siRNA for targeted delivery [203,204]. One group 

directly applied an aptamer-siRNA chimeric RNA [203], while the other group utilized 

streptavidin to assemble a biotin-modified aptamer and siRNA complex [204]. These reagents 

were reported to inhibit tumor growth specifically and mediate tumor regression in a xenograft 

model of prostate cancer.  

The above results demonstrated the promising applications of aptamers in targeted gene 

therapy. However, the ratios between the therapeutic agent (siRNA) and the targeting ligand 

(aptamer) in the above two cases were limited to 1 or at most 3. To maximize the therapeutic 

effect, it is necessary to further increase the loading efficiency of therapeutic agents. To this end, 

nanotechnology is envisioned to be a promising approach [205].  

Chapter Two describes an aptamer-micelle built from an amphiphilic unit (a hydrophilic 

DNA plus a hydrophobic lipid tail). Results demonstrated that both a homogeneous aptamer-

micelle and a heterogeneous aptamer-micelle can be made by mixing two different types of 

DNA-lipid.  By simply replacing one DNA-lipid with a therapeutic oligonucleotide-lipid (such 

as miRNA antagomir-lipid, siRNA-lipid, antisense-lipid or CpG-lipid), a micelle which is 

composed of aptamer and therapeutic agents can be made. Based on the results shown in Figure 

2-18, even with 9% density of aptamer, the heterogeneous micelle can still bind target cancer 

cells specifically. This indicates that by this approach, one aptamer sequence can deliver at least 

10 therapeutic oligonucleotide sequences specifically into the cells. By simply cross-linking the 
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micelle [206,207], it is expected that the therapeutic oligonucleotides (TO) integrated into the 

nanoparticle can be delivered into the specific cancer cells and then released in the cytoplasm to 

modulate the target mRNA. Furthermore, since a superparamagnetic iron oxide (SPIO) 

nanoparticle is usually coated with one layer of hydrophobic compounds [208], it would be easy 

to dope such hydrophobic nanoparticle inside the aptamer-micelle by the precipitation and 

membrane dialysis method [164] to create an aptamer/therapeutic oligonucleotide micelle (A/TO 

micelle). It is expected that this SPIO-A/TO micelle would then be a promising targeted therapy 

vehicle in vivo. After injection into the blood stream, the SPIO-A/TO micelle can be navigated to 

the tumor site facilitated by an external magnetic field [209]. Around the tumor mass, the 

aptamer then directs the whole particle to enter the specific cancer cells. On one hand, once 

inside the target cancer cells, the TO can modulate the tumor-related mRNA;  on the other hand, 

by applying an AC magnetic field of sufficient strength and frequency, the encapsulated iron 

oxide nanoparticles can function as a hyperthermia agent to release heat around the diseased 

tissue. By this combinational therapy, the therapeutic index of this micelle can be greatly 

enhanced, while leaving the surrounding healthy tissue intact. 

Aptamer-Based Drug Delivery Systems for Selective Deliverer of Drugs to Multidrug-
Resistant Cancer Cells 

Two main obstacles to successful cancer chemotherapy are selective targeting and 

multidrug resistance (MDR). Aptamers, one of the most popular molecular recognition ligands, 

have been utilized in various carriers for delivering chemotherapy drug molecules to target 

cancer cells specifically [67]. However, until now, no aptamer-based delivery vehicle has been 

demonstrated to overcome MDR while retaining targeted therapy. Traditional methods used to 

overcome MDR are still limited to the co-administration of inhibitors of P-glycoprotein [210], 

which has been reported to be highly associated with the development of MDR in cancer cells. 
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Here, we hypothesize that an aptamer-based drug delivery system could be used as an alternative 

approach to overcome MDR, based on the fact that an aptamer-based delivery system can 

penetrate target cells by receptor-mediated endocytosis, which allows it to bypass the P-

glycoprotein. To test the hypothesis, an aptamer-drug conjugate will be synthesized. To 

investigate whether the nanoparticle construction can further enhance the killing efficiency to 

drug-resistant cell lines, an aptamer-micelle drug carrier will be synthesized for comparison. In 

both cases, doxorubicin will be the conjugated drug and an acid labile linkage will be inserted 

between the drug and the aptamer sequence. The results in Chapter Two demonstrated that the 

aptamer-micelles displays about 700-fold increase in binding affinity, which indicates the greatly 

improved drug loading efficiency in the micelle system, thus enhancing the therapeutic index 

offered by the aptamer-micelle as a drug carrier. 

Aptamer-Micelle as a Sensitive Biomarker MRI Sensor 

Chapter Two demonstrates how aptamer-micelles allow sensitive cancer detection. Such 

sensitivity is achieved because just one aptamer recognition event draws the entire micelle 

particle containing thousands of flouorescence dyes to the target cells and will do so in a highly 

selective manner. By simply replacing the fluorescence dye with a Gadolilium complex or a 19F-

containing molecule [211], aptamer-micelles can function as sensitive MRI sensors. Then, by 

utilizing automated oligonucleotide synthesis and ready modification, the required replacement 

will be easily complemented. 

SWNT/Aptamer Complex for Targeted Therapy 

Chapter Four describes a way to attach nucleic acid molecular beacons onto the surface of 

SWNT. The attached nucleic acid probe can still respond to its target mRNA, resulting in 

increased fluorescence signal. By simply replacing the nucleic acid probe with a nucleic acid 

aptamer, a SWNT/aptamer complex can be made. Again, by virtue of the dedicated design of the 
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linker inserted between the polyT sequence and aptamer sequence, the aptamer is expected to be 

able to interact with its target protein, just like molecular beacons discussed in Chapter Four. 

Therefore, this SWNT/aptamer can become a specific cancer targeting delivery vehicle. SWNTs 

have been reported to ablate tumors by releasing heat after it absorbs energy from near-infrared 

(NIR) light [191,212]. Thus, with the assistance of an aptamer, the SWNT/aptamer can be 

selectively delivered into the target cancer cells. By using similar NIR triggering, the targeted 

tumor cell should be killed. By simple physical hydrophobic stacking, a chemotherapy drug, 

doxorubicin, can be loaded onto the SWNT [213]. This combination chemotherapy will 

potentially increase the killing efficiency while doing no harm to healthy tissue. 
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