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Lung cancer has the highest incidence and death rate among all types of cancer. It is rarely 

curable when lung cancer patients are mostly diagnosed at late stage. Early diagnosis is one way 

to improve lung cancer survival rate. However, no effective technique is currently available for 

the early diagnosis. Imaging based techniques are not sensitive to detect early stage lung cancer. 

Even some newly developed molecular approaches failed to improve this situation. 

We have developed a new aptamer approach for the recognition of specific lung cancer cell 

surface molecular markers. Aptamers are single stranded DNA or RNA molecules, capable of 

forming 3-dimensional structures at the presence of target molecules. Aptamers have several 

advantages for molecular recognition. First, they have great specificity and affinity. Aptamers 

can be chemically synthesized and have long shelf life. They are robust for different types of 

modification and conjugation. Our approach relies on cell based systematic evolution of ligands 

by exponential enrichment (cell based SELEX) to evolve aptamers for whole live cells that 

express a variety of surface markers representing molecular differences among cancer cells. With 

cell based SELEX technique, aptamers can be readily developed for any types of cancer cells of 

interest, and can recognize the target molecules at their native state. More importantly, aptamers 
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can be developed without knowing the details of the target molecules. This is particularly useful 

for lung cancer study that is short of these knowledges. 

In this work, we successfully developed several aptamers against small cell lung cancer 

(SCLC) cells. These aptamers were characterized and tested with different samples for 

validation. When applied to different lung cancer cells including patient samples, these aptamers 

could bind to SCLC cells with high affinity and specificity in different assay formats including 

flow cytometry, confocal imaging, and tissue microarray. Even in some complex biological 

environment such as human blood, the aptamers retained their binding ability. When the 

aptamers were conjugated with magnetic and fluorescent nanoparticles, the aptamer/nanoparticle 

complex could effectively extract SCLC cells from cell media for isolation, enrichment, and 

sensitive detection. We also developed aptamer-PCR assay for detection and quantification of 

small amount of cancer cells. This may become useful for detection of small amount of 

exfoliated lung cancer cells at early stage. Our studies demonstrated the potential of the aptamer 

approach for early lung cancer detection. 

Besides early diagnosis, understanding the disease mechanism will also benefit from 

aptamers developed in this work. The aptamers developed here will be further used for 

identification of the target proteins on cancer cell surface to facilitate the progress of biomarker 

discovery for lung cancer and design appropriate treatment strategy. More validation tests and 

clinical trials are required to further evaluate the usefulness of the developed lung cancer 

aptamers. 
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CHAPTER 1 
INTRODUCTION 

Lung Cancer and Early Diagnosis 

Cancer is a major health problem in the world. In the United States, about 25% of deaths 

are due to cancer. Among all cancer cases, lung cancer has the highest incidence and death rate. 

With 170,000 deaths every year in the United States, lung cancer causes more deaths than the 

sum of the next three leading cancers: breast, colon, and prostate. According to recent study, 

most of the lung cancer cases are related to smoking. Asbestos, radon, and other environmental 

factors also contribute to the incidence of lung cancer. Based on morphology difference under 

microscopy, lung cancer can be classified into two main categories: small cell lung cancer 

(SCLC) and non-small cell lung cancer (NSCLC). Non-small cell lung cancer can further be 

divided into sub-categories such as adenocarcinomas, squamous cell (epidermoid) carcinomas, 

bronchoalveolar carcinomas, and large cell carcinomas, based on the location where tumor 

originally rises from and other pathological features. In some cases, mixed lung cancer types can 

also be observed in patients. 

Small cell lung cancer typically develops from central location. It has rapid growth rate 

and is infamous for early metastases. Because of this pathological feature, chemotherapy is more 

effective than surgery for small cell lung cancer while non-small cell lung cancer favors surgical 

resection. Non-small cell lung cancer varies from the location and has relatively better prognosis 

than small cell lung cancer. Generally, different sub-categories of non-small cell lung cancer 

have distinct clinical and pathological features.  

The prognosis of lung cancer is the worst among all cancer types with the 5-year survival 

rate less than 15%.[1] This poor prognosis is partly due to a lack of effective early diagnosis 

technique as well as efficient treatment strategy. As more than 75% of all lung cancer patients 
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are at late stage of the disease when diagnosed, it is quite difficult to cure them with current 

therapy.[2] The early diagnostic ability for lung cancer is crucial to decrease the lung cancer 

mortality since most lung cancer patients are diagnosed at an advanced stage where treatments 

are rarely successful. This is especially important for small cell lung cancer. Among all the lung 

cancer subtypes, small cell lung cancer (SCLC) is the most aggressive one, although it only 

accounts for 14% of all lung cancer cases. It has the highest tendency for early dissemination and 

the shortest median survival (7-12 months) as a clinically distinct entity. More than 95% of 

patients eventually die from the cancer.[3]  

 Survival of patients with lung cancer, especially SCLC, relies on early detection as well 

as effective treatment. However, a few clinical trials of lung cancer early detection performed in 

the last several decades were not successful. The first large scale clinical trial of lung cancer 

early detection used both sputum cytology and chest x-rays. It led to earlier diagnosis of lung 

cancer at some level, but the reduction in overall mortality could not be justified thereafter.[4] 

Recently newly developed imaging based screening technologies such as spiral computed 

tomography (CT), optical coherent tomography, positron emission tomography (PET), virtual 

bronchoscopy, autofluorescence bronchoscopy, and confocal microscopy were used to improve 

this situation, but they all failed.[5] The reason may be that morphological criteria used in all 

these imaging approaches are not sensitive for early diagnosis during the premalignant phase of 

lung cancer development.[6, 7] For example, tumors with size below the resolution of CT scan (1-

2mm) may already begin to disseminate cancer cells to distant sites.  In addition, some tumors 

grow rapidly, which makes early detection even more difficult. For SCLC, which arises without 

morphologically recognizable preneoplastic lesions, imaging based detection method is almost 

impossible for early detection.[8] 
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 Recently, molecular approaches were exploited to complement imaging studies. 

Molecular abnormalities correlate with behavioral aspects of lung cancer, and therefore are more 

sensitive in detecting invasive malignant lesions in preclinical phase than imaging methods by 

which tumor sizes are revealed. Genetic and proteomic analysis are two major molecular-marker 

based early detection techniques.[9] Detection of gene mutations, nuclear riboprotein, methylation 

related gene silencing, and malignancy associated changes are widely used for genetic level early 

detection. Although genetic changes can be detected reproducibly by PCR[10] and genomic 

hybridization,[11] they do not always correlate with changes at protein level. Therefore, people 

began to seek approaches for early detection of lung cancer at protein level. Proteomic analysis 

using immunostaining[12] is the most used method. However it is limited by the lack of specific 

lung cancer antigens. For some existing antigens, normal epithelia cells also show positive for 

these antigens in some cases. Extra costs of health care and unnecessary treatment due to false 

positive diagnostic results are main concerns about this method.  

Most recently, mass spectrometry[13] became a new trend in lung cancer early detection. 

This method does not involve any molecular probe for the recognition of biomarkers. Instead, 

simple comparison of mass spectroscopic results between lung cancer patient sample and control 

sample was used to distinguish lung cancers with different clinical and pathological features. 

This novel method greatly complements the genetic approaches. However, there has been only 

limited success because the significant variation among different patients makes it very difficult 

to get accurate and predictive pattern for clinical trial. Overall, neither genomic nor proteomic 

approaches succeeded in developing sensitive and specific way for lung cancer early 

detection.[14] Therefore, there is a demand of approaches that can generate specific molecular 

probes rapidly for detection and discovery of lung cancer biomarkers. 
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 Here, we introduce a new nucleic acid probe based approach, in which a panel of DNA 

aptamers was purposely developed against the molecular differences among lung cancer cells to 

detect specific molecular markers of lung cancer. Our approach relies on cell based SELEX 

(systematic evolution of ligands by exponential enrichment) to ensure the specificity and 

widespread availability of aptamer probes, which are missing in antibody based methods. We 

will first focus on the development of cell based SELEX methodology using the leukemia as the 

model system, followed by the technique transfer to the lung cancer systems including small cell 

lung cancer and non-small cell lung cancer.  These aptamer probes were developed without prior 

knowledge about their target proteins. They were tested for their ability to specifically bind both 

cultured cells and clinical samples of lung cancer in various assay formats. Aptamers were also 

exploited for detection and isolation of lung cancer cells, a critical step towards the goal of early 

detection. Several assay platforms for early detection were designed using the aptamers 

developed. Using selected aptamers for identifying the target proteins were also reviewed. 

Compared to other molecular recognition elements, aptamers used in this approach present 

several advantages for early detection. While aptamers’ sensitivity leads to the detection of 

malignant cells, their specificity derived from cell based SELEX prevents cross reactivity with 

normal epithelial cells, resulting in fewer false positives. In practice, multiple aptamers can be 

readily developed for any cancer cells of interest without prior knowledge of cell surface 

markers, and are more predictive of cancer progression than single probes used in previous 

studies. In addition, low-molecular weight aptamers can be easily synthesized and modified to 

recognize the target proteins at their native state on cell surfaces reproducibly.  

Nucleic Acid Aptamers 

Molecular recognition is a unique biological phenomenon. In this phenomenon, many 

biological molecules can recognize/bind to certain molecules with high selectivity and affinity. 
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This recognition capability was explained as a lock-and-key system at molecular level. There are 

several known molecular recognition systems: antibodies/antigens, nucleic acids, and avidin 

(streptavidin)/biotin. Antibodies are protein molecules produced by immune systems of human 

or animals, typically composed of two heavy chains and two light chains of amino acids, which 

play key role in recognition of their target, antigen. In an immune system, all the intruders from 

outside are tagged as antigens by antibodies to be destroyed later. In order to recognize the 

intruders effectively, antibodies are evolved to have the great specificity for antigens. Because of 

their great recognition ability, antibodies have been widely used in biomedical studies since 

1950s.  

During the past few decades, nucleic acid probes emerge as a new type of molecular 

recognition element. Nucleic acid probes include deoxyribonucleic acid (DNA), ribonucleic acid 

(RNA), peptide nucleic acid (PNA), and other artificially synthesized nucleic acid. Nucleic acids 

are linear chains of nucleotides which are comprised of 5 different bases for DNA and RNA: 

adenine (A), cytosine (C), guanine (G), thymine (T), and uracil (U). Each nucleic acid is defined 

by the sequence of all bases which is also referred as primary sequence. With the primary 

sequence, nucleic acid can hybridize to another nucleic acid molecule with complimentary 

sequence through Watson-Crick base pairing rule.[15] This binding event between the two nucleic 

acid molecules is highly specific, and is primary sequence dependent. Unlike the primary 

structure based hybridization mechanism of nucleic acid detection, nucleic acids can also form 

secondary structures, which give rise to the recognition ability for various targets such as 

inorganic/organic molecules. Aptamer is one of the most important nucleic acid probes based on 

secondary structures, targeting a variety of molecules including proteins, organic molecules, 

ions, virus, organelles, and even cells. These oligonucleotide ligands are referred as “aptamers”, 
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derived from the Latin word “aptus”, meaning “to fit”.[16] Although the famous RNA world 

hypothesis proposes that nucleic acids can specifically interact with proteins to perform certain 

types of functions, it was until 1990 that people began to explore the possibility of using nucleic 

acids for targeting proteins. This discovery of aptamer greatly benefited from the rapid growing 

of combinatorial chemistry, the functional screening of large libraries of compounds, particularly 

in this case, nucleic acids. Nucleic acids are suitable for combinatorial selection because of their 

secondary, tertiary, and quaternary structures. In addition, they can be easily amplified by 

polymerase chain reaction (PCR). By interacting with amino acid residues, nucleic acids with 

certain primary sequences show great binding affinity and specificity for proteins. Combinatorial 

screening technique of nucleic acids was known as SELEX (Systematic Evolution of Ligands by 

Exponential enrichment). SELEX starts with a large population of 1013-1016 synthetic 

oligonucleotides. Each candidate has a different sequence, which folds into a different structure. 

Individual molecules are separated from each other based on their abilities to bind target 

molecules. The retained molecules are then PCR amplified and go through iterative rounds of 

selection. Eventually the post-selection pool will be dominated with molecules that can bind with 

target tightly. After cloning, sequencing, and de-convolution, the aptamer sequences will be 

tested and further optimized. In 1990, for the first time, Szostak’s lab selected RNA aptamers for 

dye molecules using in vitro selection technique.[16] In the same year, Gold’s lab also obtained 

RNA aptamers for polymerase by SELEX. 

Although aptamers and antibodies have comparable specificity and affinity, aptamers have 

several advantages over antibodies. First, aptamers can bind to more targets than antibodies.[17]  

Second, their low molecular weight makes them penetrate into the tissue more easily. In 

addition, they are easily synthesized and modified so that they can maintain structures and 
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functions when exposed to undesirable conditions. Besides their applications in bioanalytical 

chemistry as basic molecular recognition element, aptamers have been more and more used for 

disease diagnosis and therapy in recent years. Single stranded nucleic acid aptamers can be 

evolved to have great specificity and affinity against different disease-related metabolites, 

biomarker proteins, even whole live cells that express a variety of surface biomarkers. When 

coupled with suitable signal transduction mechanisms, aptamers show great potential as a new 

tool for biomedical studies.  

Signal Transduction Mechanisms 

 With SELEX technique, we can develop a panel of molecular aptamers for target 

molecules. However the molecular recognition element itself can’t function without appropriate 

signal transduction mechanisms since these two components are indispensible parts of molecular 

sensing systems.  

Fluorescence-based signal transduction mechanisms are among the most popular ones used 

with molecular aptamers for detection. Figure 1-1 shows a typical Jablonski diagram that 

illustrates the fluorescence principle. Generally, photons of excitation light are absorbed by 

fluorophore and the absorbed energy jumps up the electrons from ground state to excited singlet 

state. There will be an energy relaxation process involved between different vibrational energy 

levels. This is called internal conversion. After this internal conversion, the electron will return 

to the ground state, accompanied by photon emission. The emitted photon will have a longer 

wavelength than the original excited photon because of the energy loss during internal 

conversion. These fluorescence-based signal transduction mechanisms include direct fluorophore 

labeling,[18] fluorescence resonance energy transfer (FRET), fluorescence quenching, 

fluorescence anisotropy, light-switching excimers, and etc. Among all these mechanisms, the 

direct fluorophore labeling is the first choice for rapid and simple biological assays because of its 
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inherent stability and sensitivity. For example, flow cytometry assay using fluorescent dye 

labeled antibodies is the most frequently used assay for cell detection and discrimination. Signal 

transduction mechanisms based on energy transfer effect are another popular categories, 

including fluorescence resonance energy transfer (FRET), fluorescence quenching, and 

fluorescence anisotropy. These mechanisms are extensively used for protein binding and 

interaction studies. Besides, there are a few other types of fluorescence-based signal transduction 

mechanisms reported in details elsewhere, such as light-switching excimer-based probes. 

 
 

Figure 1-1. Jablonski diagram illustrating the fluorophore relaxation from the excited state to the 
ground state with the emission of a photon. 

Besides various fluorescence-based signal transduction mechanisms, a few other signal 

transduction mechanisms were used with aptamers in different sensor designs.  Aptamers for 

small molecules have been used in biosensors with mechanical readout mechanisms such as 

surface plasmon resonance technology,[19] quartz crystal microbalance technology,[20] and 

microfabricated cantilever technology.[21] Electrochemical detection using aptamers as 

recognition molecules has been also reported previously.[22] Recently single-walled carbon 
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nanotube-field effect transistors (SWNT-FETs) were used in the design of selective biosensor 

application to achieve signal transduction.[23] 

Synthesis and Modification of Nucleic Acid Aptamers 

One of the most important advantages of using nucleic acid aptamers for sensor and 

biological applications is that they can be prepared in vitro by DNA/RNA solid state synthesis 

technology. Before the invention of automated nucleic acid synthesis technology, preparation of 

DNA/RNA relies on various molecular biology techniques such as PCR (polymerase chain-like 

reaction) and ligation. This costly process does not allow the preparation of large quantities of 

nucleic acid for applications. With the aid of automated nucleic acid synthesis technology, the 

preparation efficiency was greatly improved. Moreover, there is no involvement of animals in 

the production of aptamers. Easy modification is another important advantage of synthetic 

nucleic acid molecules. After the synthesis of nucleic acid, different functional groups can be 

linked to DNA/RNA molecules through on/off column coupling procedure with different 

conjugation strategies.  

The core of automated oligonucleotide synthesis technology is the solid state synthesis via 

phosphoramidite chemistry. The solid state synthesis of oligonucleotides involves controlled-

pored glass (CPG) beads as solid support which allows on-column washing and separation. As 

the direction of solid state synthesis of DNA/RNA is opposite to natural PCR reaction that is 

from 5’ end to 3’ end, the first nucleoside of 3’ end is chemically linked to the support through 

3'-hydroxyl group. The phosphoramidite synthesis method generally has four steps in a cycle 

(Figure 1-2) to add one DNA/RNA base: detritylation, coupling, capping, and oxidization. In 

order to retrieve the active 5' hydroxyl group of previous nucleotide for reacting with the next 

base, detritylation was done by incubating with either dichloroacetic acid (DCA) or 

trichloroacetic acid (TCA) in dichloromethane (DCM) to remove the trityl group that is 
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protecting the 5' hydroxyl group. After deprotection, the new monomer was linked to the 

nucleotides through the coupling step. Before that, the phosphoramidite derivative of nucleotide 

was activated by incubation with tetrazole that protonates the nitrogen of the diisopropylamine 

group on the 3’-phosphorous group. Following the tetrazole activation, a phosphoramidite 

derivative of the nucleotide was added to the growing chain on the solid support through the 

nucleophilic attack of active 5’ hydroxyl group on the tetrazolyl phosphoramidite to form a 

phospite linkage. Once the coupling step is finished, excess reagents are removed by washing the 

solid support thoroughly. Next, the capping step is introduced to treat the incomplete nucleotides 

which failed to elongate in last step. This can prevent the interference of these failed sequences 

during late elongation steps. To eliminate this effect, the 5’-hydroxyl groups of failed sequences 

are deactivated by capping with protective group. Acetic anhydride and N-methylimidazole are 

usually used for this step. The last step of the synthesis cycle is oxidization step when the 

unstable phosphite group is converted to the stable phosphate tri-ester by adding iodine as 

oxidizing reagent. By repeating these four steps, nucleotides are added one by one to the growing 

chain. After all nucleotides are added, the completed chains will be cleaved off from the solid 

support and deprotected by incubating with ammonium hydroxide for 2 hours at 65ºC. In some 

cases, the product will be further treated to react with various functional phosphoramidites 

derivatives such as fluorophores, quenchers, and other functional groups. The automated 

nucleotide synthesis technology and the phosphoramidite chemistry confer the flexibility to the 

easy synthesis and modification of aptamers.  

In our lab, the aptamers and other nucleic acid reagents were synthesized on an ABI 3400 

DNA/RNA synthesizer using the above described standard phosphoramidite chemistry. After the 

completed synthesis, the oligonucleotides were deprotected and cleaved from the solid support. 
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Figure 1-2. The principle of automated solid state synthesis of nucleotides (detritylation, 
coupling, capping, oxidization). 

Because of the limit of yields, product needs to be purified to remove those incomplete 

sequences from completed sequences. Also in the case of labeling oligonucleotides with 

fluorophore or other functional groups, unlabeled sequences can significantly affect the final 

results. For example, if an aptamer molecule is not properly labeled with a fluorophore, it will 

not show fluorescent signal when it interacts with its target molecule. This will reduce the 

sensitivity of certain assays. The purification was normally achieved by reverse phase HPLC 

(RP-HPLC) on C18 column using optimized gradient in 0.1M TEAA since oligonucleotides as 

well as fluorophore labeled oligonucleotides are hydrophobic in most cases. Figure 1-3 shows a 

typical HPLC purification graph. PDA detector was used to measure the UV absorbance of 

different fractions of synthesized product. With the help of UV spectra, unlabeled 
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oligonucleotides and fluorophore labeled oligonucleotides can be distinguished from each other. 

As seen in Figure 1-3, two different fractions of synthesized product can help us get purified 

product. The purified product can be further conjugated with other materials such as 

nanoparticles. More details about this will be given in later sections. 

 
 

Figure 1-3. Chromatograph of RP-HPLC purification of fluorophore labeled oligonucleotide. 

Bionanotechnology 

Recent advances in nanotechnology have led to the rapid development of using 

nanotechnological devices for biomedical research, such as clinical diagnostics, cancer imaging, 

and drug delivery. The most popular nanotechnological devices used for biological studies 

include nanotube[24], nanowire[25], and nanoparticle[26]. Among all these studies, nanoparticles 

have been extensively used because they are easy to prepare, flexible to modify, and effective to 

use. Nanoparticles can be classified into different categories based on different criteria such as 

shape, function, and material. There are two major categories of nanoparticles based on the 

materials: inorganic material based nanoparticles[27] and organic material based nanoparticles[28]. 

Inorganic materials used for nanoparticles include semiconductors[29], magnets[30], as well as 
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metals that are mainly gold[31], silver[32], silica[33], and carbon[34]. Organic materials used for 

nanoparticles include various polymers and dendrimers.  

For nanoparticles based on semiconductor materials, it was reported that these nanometer-

sized semiconductor quantum dots (QDs) can be covalently linked to various biorecognition 

molecules including antibodies, peptides, and nucleic acid probes to prepare fluorescent probes 

for biomedical applications.[35-39] Most recently, multifunctional nanoparticle probes based on 

semiconductor quantum dots have been prepared for in vivo cancer targeting and imaging.[40] 

Quantum dot nanoparticles have unique optical and electronic properties that make them the 

ideal material for biomedical applications[41]. Quantum dots have both size and composition- 

tunable fluorescence emission wavelengths ranging from visible to infrared. They also have 

superior brightness and photostability ideal for fluorescent labeling purposes. Their broad 

excitation wavelengths and narrow emission wavelengths result in excellent multiplexing 

capability for biological systems.[42] When conjugated with biorecognition molecules, quantum 

dots do not interfere with the binding events. In addition, the large surface area and 

functionalities of quantum dots are suitable for modification with multiple diagnostic and/or 

therapeutic agents.  

Gold and silver are the two most frequently used materials for metal based nanoparticles 

because of their unique properties. Reduction of HAuCl4 by citrate is the most widely used way 

to prepare gold nanoparticles.[43] With this method, gold nanoparticles can be synthesized to the 

size of 1 nm to 200 nm reproducibly. These nanoparticles can be easily modified with many 

different functional groups, ligands, and biomolecules such as carboxylic acids[31], amines[44], 

phosphines[45], proteins[46], oligonucleotides[47], enzymes[48], and small drug molecules[49]. 

Theoretically, incident light can result in the plasmon excitation of noble metal nanoparticles, 
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which involves the light-induced motion of the valence electrons. The cross section of gold for 

elastic light scattering in nanoparticles is much larger than any other materials. Also, this 

plasmon resonance is strongly dependent on size and shape.[50] This size dependent color 

variation property provides a useful signal transduction mechanism for biological detection.[51] It 

has been reported that aggregation of gold nanoparticles by DNA or other organic molecules can 

be used for spectroscopic detection system. When many gold nanoparticles are close to each 

other, their plasmon resonances couple to each other, which makes the plasmon resonance shift 

to higher energy. This mechanism is extremely useful for the detection of nucleic acids.[52] Gold 

nanoparticles also show strong surface enhanced Raman scattering (SERS) effect that can be 

used to achieve multiplexing detection of a wide range of biological molecules.[53] 

Nanoscale magnetic systems are another important type of nanoparticles. They are widely 

used in biological separation and detection systems[54]. Other important applications of magnetic 

nanoparticle includes magnetic resonance contrast enhancement agents.[55] Intensive studies have 

moved from small magnetic systems[56] to magnetic phenomena in individual nanoparticles.[57] 

Magnetic nanoparticle itself can be treated as a single magnetic domain, in which all the spins 

create a giant magnetic moment together. At a high temperature, the nanoparticle becomes 

superparamagnetic because the magnetic moment wanders randomly. Magnetic nanoparticle also 

has a critical size, above which the nanoparticle becomes ferromagnetic since the magnetic 

moment is locked in a fixed direction. This critical size for iron oxide, a commonly used 

magnetic material, is about 25 nm.  

Materials for preparation of magnetic nanoparticles include iron oxide, cobalt, MgFe2O4, 

MnFe2O4, CoFe2O4, CoPt3, and FePt. For the frequently used iron oxide, co-precipitation is the 

most popular method to synthesize magnetic nanoparticles.[58] The composition and size of the 
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synthesized nanoparticles depend on different aspects of the preparation reaction: temperature, 

pH, and the ionic strength.[59] Polymer materials usually are added to the reaction as stabilizer to 

prevent prepared magnetic nanoparticles from forming aggregates.[60]  

Besides co-precipitation method, several common methods are also used for the 

preparation of magnetic nanoparticles. One of these is the thermal decomposition method. 

Magnetic nanoparticles can be prepared through the decomposition of organometallic 

compounds in boiling organic solvents containing certain stabilizing surfactants. This method is 

widely used for nanoparticles containing different magnetic materials such as Fe, Co, Mn, Ni, 

and Cr. Size and shape of nanoparticles depend on the temperature, reagent ratio, and type of 

additive. Microemulsion method is another method for magnetic nanoparticle synthesis.[61] In this 

method, reactant solutions are dispersed in oil droplets and mixed with each other to prepare 

nanoparticles. The nanoparticles are then precipitated and washed by centrifugation. A wide 

variety of magnetic nanoparticles have been synthesized via microemulsion method. However, 

the nanoparticles synthesized by this method are less uniform in terms of size than those 

prepared by other techniques. In addition, the yield of this technique is not satisfying compared 

to others. The hydrothermal synthesis method is also worthy to mention as a common way to 

prepare magnetic nanoparticles. This method uses solid metal linoleate, ethyllinoleic acid, and 

water/ethanol solution as reactants under different temperatures to complete the synthesis.[62] 

This method is based on phase transfer and separation phenomena occurring at the interfaces of 

liquid, solid, and solution phases during the synthesis. 

Generally, magnetic nanoparticles need post synthesis coating procedure to stabilize the 

nanoparticles and prevent aggregation of nanoparticles. Both polymers and metals have been 

used for this coating procedure. During this coating procedure, functional groups can be 
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introduced to the surface of the particles to fulfill different tasks. This is extremely useful in 

numerous biomedical applications including magnetic nanoparticle assisted cell separation,[63] 

automated DNA extraction,[64] gene targeting,[65] drug delivery,[66] magnetic resonance 

imaging,[67] and hyperthermia.[68] Recently, biorecognition molecules such as antibody and 

oligonucleotide have been modified to the surface of magnetic nanoparticles to achieve highly 

sensitive immunoassay[69] and gene detection.[70]  

Fluorescence is a phenomenon in which photon energy is absorbed by fluorophore at 

certain wavelength and emitted at different wavelength as previously shown in Figure 1-1. It is a 

widely used tool in biology. Fluorescence labeling of biological entities is extensively used to 

visualize the unit or the interaction between different units. Before, fluorescence labeling was 

done by chemically linking fluorescent dye molecule to molecular recognition element. However, 

conventional dye molecules impose stringent requirements on the detection system. In order to 

have brighter fluorescence for sensitive detection, two possible solutions are available: first, to 

improve the quantum yield; second, to increase the density of fluorescent dye for labeling. It is 

often advantageous to increase the amount of fluorescent dye molecules on single molecular 

recognition molecule. Recently, fluorescent silica nanoparticles are prepared to replace the 

organic dyes for biological labeling. One fluorescent silica nanoparticle can be treated as a single 

labeling molecule, although it has thousands of single dye molecules embedded in it. Therefore, 

it has much higher fluorescence signal than normal dye molecule has. In fluorescent 

nanoparticles, the dye molecules are typically embedded in silica or polymer based nanoparticles. 

Compared with the conventional dye molecules, these dye doped nanoparticles overcome some 

known disadvantages of single dye molecules in biological applications. For example, dye doped 

nanoparticles gain improved photostability and pH stability without compromising conjugation 
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flexibility. In our lab, we focused on making and using silica based fluorescent nanoparticles 

because of their well established preparation method and modification scheme. 

The two most popular synthesis methods for silica based fluorescent nanoparticles are the 

microemulsion method[71] and the Stober method.[72] The microemulsion method is a method in 

which tetraethyl orthosilicate is hydrolyzed in a mixed environment of water, oil, and surfactant.  

In the microemulsion method, water droplets containing dye molecules are surrounded by 

hydrophobic surfactant and serving as the supply of fluorescent dye. In the droplets, the 

ammonium hydroxide hydrolyzes tetraethyl orthosilicate into solid silica while the dye 

molecules are entrapped in the silica matrix by electrostatic interaction. After condensation, 

synthesized fluorescent dye doped silica nanoparticles can be separated from reaction mixture by 

washing and centrifugation.  Another synthesis method for silica based fluorescent nanoparticles 

is the Stober method. Instead of trapping dye molecules in synthesized silica matrix, the Stober 

method covalently links dye molecules to silica material.[72] In the synthesis process, fluorophore 

in the form of isothiocyanate or succinimidil ester is first covalently linked to silane, followed by 

addition of tetraethyl orthosilicate. Hydrolysis then happens in solution containing water, 

ethanol, and ammonium hydroxide. During this process, both tetraethyl orthosilicate and 

fluorophore linked silane are hydrolyzed to form dye doped silica nanoparticles. 

Once fluorescent silica nanoparticles are synthesized, they are usually required to be 

further modified with functional molecules or biorecognition molecules. A relatively simple way 

for modification is absorbing avidin on the surface of nanoparticles, followed by the addition of 

biotinylated ligands. Conjugation involving covalent linking is more complicated and versatile. 

Carboxy, amine, and thiol are most common active groups for conjugation. It has been reported 

that antibodies,[73] oligonucleotides,[74] peptides[75] were conjugated with these fluorescent silica 
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nanoparticles. After bioconjugation, these nanoparticles can be used for a variety of applications 

including sensing and imaging.[76] 

Polymer based nanoparticles are another important type of nanoparticles, particularly 

useful in drug delivery as well as controlled drug release. Nanoparticles mentioned here mainly 

function as vehicles that encapsulate drugs. These encapsulated drugs can be released in a 

controlled manner that depends on the specialized property of nanoparticles. In addition, targeted 

delivery capability is desirable for treating cancer and other diseases because most cancer drugs 

have poor specificity and are cytotoxic to the surrounding non-cancerous cells over an extended 

period. This is solved by conjugation nanoparticles with targeting agents such as antibodies and 

aptamers, which can recognize tumor specific biomarkers. Polymer based nanoparticles also 

have other merits for biomedical studies. They are engineered to be biocompatible, 

biodegradable, and complied with Food and Drug Administration (FDA) regulations for potential 

clinical use. How to improve the up-take efficiency and bio-availability of these nanoparticles by 

biological systems is another important task. Recently, people developed drug encapsulated 

pegylated PLA nanoparticles that conjugated with PSMA aptamer for targeted drug delivery to 

treat prostate cancer.[26] 

Aptamer-Based Bioassays 

Nucleic acid aptamers, selected from random sequence pool by SELEX, have been shown 

to bind with targets ranging from small molecules to proteins. The great specificity of aptamers 

allows the discrimination between even closely related molecules. Thus aptamers are suitable for 

development of various bioassays. For disease diagnostics, there is indeed the need of 

technologies to realize specific detection and precise quantification of biomarker molecules. In 

the past two decades, numerous aptamer based assays have been developed. These assays 

include sandwich assay,[77, 78] flow cytometry assay,[79, 80] fluorescence assay,[81, 82] capillary 
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electrophoresis assay,[83, 84] proximity-dependent ligation assay,[85] aptamer array[86]. In this 

section, some of these works such as sandwich assay, flow cytometry assay, proximity-

dependent ligation assay, and immuno-PCR assay will be reviewed. 

Sandwich assay is one of the most commonly used assays in biomedical studies. In this 

approach, the target is captured by two ligands simultaneously. One of the capturing agent 

molecules serves as signaling molecule or the substrate of secondary signaling mechanism. This 

assay was first demonstrated with antibodies. Aptamers have also been tested in sandwich 

assays. For example, VEGF aptamers were used to detect VEGF in the serum sample by 

sandwich assay.[78] Besides the free capturing agents in solution, there are a few successful 

demonstrations of immobilization of them on the solid support. The two capturing agents in 

sandwich assay are not all aptamers. Instead, one of them can be antibody. This is due to the lack 

of multiple aptamers for single target molecule. Only a few systems such as thrombin, which has 

non-overlapping binding aptamers, are available.[87] However, this situation can be greatly 

improved by carefully designed SELEX strategy. A previously identified aptamer can be used to 

direct the selection of new aptamers bound to the same target with modified SELEX technique. 

Flow cytometry is another assay format for aptamer widely used in cell biology and 

particle science. It is able to measure a set of different parameters such as size, smoothness, and 

fluorescence of cells or particles in very short time. Because the data set is from thousands to 

hundreds of thousands of cells or particles, the results have statistical meaning, which is very 

important for interpretation of diagnostic assay results. Flow cytometry is also an attractive 

platform for multiplex analysis. With multiple excitation sources and emission filters, 

fluorescence signals from different labeling molecules can be detected. Aptamers has been used 

to detect target molecules presenting on the surface of cells or particles. In most cases, this was 
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demonstrated on the particle surface where target molecules were immobilized.[88] The flow 

cytometry assay faces the same problem as sandwich assay. Only a few examples of aptamers 

can target the cell surface proteins. One example is the aptamer for PSMA that is a protein 

biomarker for prostate cancer. This aptamer has been validated to be an effective probe in flow 

cytometry assay. Recently we have made great progress in developing cell based SELEX for 

selecting aptamers against cell surface markers.[18] Multiple aptamers can be selected for any 

type of cells given by using this strategy. Study has shown that these aptamers can easily identify 

certain cancer. They can even classify subtypes of cancer with high accuracy.[89] With this 

breakthrough, the use of flow cytometry assay can be expanded to more detection systems using 

aptamers.  

Proximity dependent ligation assay is a new assay format for protein detection by 

aptamers. In this technique, a set of two target binding ligand molecules are in close proximity, 

which facilitates the ligation reaction between DNA reporter sequences. This ligated reporter 

sequence can then be detected by real-time PCR. This proximity dependent ligation assay is 

similar to the sandwich assay in terms of binding pattern. However, the proximity dependent 

ligation assay adds an extra ligation event to the binding system. This can eliminate the 

background signal brought by nonspecific binding of oligonucleotides as shown in sandwich 

assay. Thus, it has much higher specificity than normal sandwich assay. This assay format 

requires the availability of multiple probes for non-overlapping binding sites of the same target, 

and these two binding sites should be in close proximity for ligation to happen. Previously, 

antibodies conjugated with oligonucleotides were used as binding ligands. Recently, aptamers 

are directly used for this assay to serve as both binders and reporter sequences, which 

significantly simplified the assay and greatly improved its performance.[85] The proximity 
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dependent ligation assay can be applied to different sample formats. For high-throughput 

analysis, homogenous protein detection can be done with this assay. In an example of using 

aptamers for homodimer of the B form of platelet-derived growth factor (PDGF-BB), all the 

components including those for ligation and amplification were added without washes. The 

detection limit was proved to be 1000-fold lower than traditional enzyme-linked immunosorbent 

assay (ELISA). With this sensitivity, the proximity dependent ligation assay can be applied for 

trace amount protein detection, which is critical for early detection of certain diseases. Besides 

homogenous assay format, this new method also applies to localized protein detection as well as 

solid-phase detection in which one binder is immobilized on a solid support to capture the target 

molecule. In summary, the proximity dependent ligation assay brings paired aptamers probes, 

enzymatic ligation, and PCR reaction together to fulfill the task of minute amount protein 

detection. 

Immuno-polymerase chain reaction (immuno-PCR) assay is another technique. Immuno-

PCR[90] and other similar techniques such as immunodetection amplified by T7 RNA polymerase 

(IDAT)[91] are all variations of the sandwich ELISA assay but with improved sensitivity. 

Antibody-based sandwich assay is a powerful tool and widely used in biomedical studies. 

However the sensitivity of this assay is not satisfactory for the rapid growing demands. To 

further improve the detection sensitivity, immuno-PCR assay was developed. Polymerase chain 

reaction (PCR) is a technique using enzyme to amplify specific DNA segment with the help of 

primers. The amplified product can be easily detected by numerous methods and is proportional 

to the starting quantity of the template molecules. In immuno-PCR, the antibody with the 

recognition capability for certain target is conjugated with a DNA report sequence. By above 

mentioned PCR mechanism, the quantity of target molecules bound with antibody-DNA 
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complex can be calculated from the number of PCR amplified DNA reporter sequences. This 

mechanism can greatly avoid the generation of false signal from the nonspecific binding of both 

antibody and DNA in the system. In addition, other types of signal transduction mechanisms 

such as rolling-circle PCR[92] and IDAT[91] can be introduced to the system to further reduce the 

background signal resulted from nonlinear amplification of PCR. 

Although antibodies have been the most widely used molecular recognition reagent in 

bioassays for several decades, aptamers with great affinity and specificity now are expected to 

have more impact in this field. This requires the discovery of new aptamers for various targets, 

and relies on the rapid development of the SELEX technology for aptamer selection. 

Biomarker Discovery 

Biomarkers are the indicators of specific biological states. They can be used to diagnose 

disease or monitor the progress of disease. Ideally they can serve as the guide of therapy.[93] 

Biomarkers were usually physiological parameters. Recently, new types of biomarkers such as 

transcriptional profiling and DNA methylation have been introduced to the clinical practice.[94] 

Biomarkers can be classified into different categories based on their purposes. These categories 

include disease biomarkers, surrogate endpoints, efficacy biomarkers, mechanism biomarkers, 

pharmacodynamic biomarkers, target biomarkers, and toxicity biomarkers.[95] Typically, 

biomarker discovery is a comprehensive process including several essential steps: candidate 

discovery, biomarker validation, and assay development.[96] Candidate discovery generally 

means seeking differences between groups that respond to stimulus and those that don’t. Since 

protein biomarker is likely the most relevant to the disease, poteomics methods, especially those 

based on mass spectrometry, have became the trend of novel biomarker discovery. Human 

plasma has been the preferred material to look for important biomarker proteins. However it still 

remains poorly characterized. This is mainly due to the lack of high throughput tools for such a 
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complicated system which contains thousands of types of proteins with variable 

concentrations.[97] Besides blood, cell homogenates, tissue lysates, and biofluids are also used in 

many studies for biomarker discovery. 

For biomarker discovery, mass spectroscopy is the principal technique to use. There are 

mainly two types of MS based methods. The first one is pattern based methods that produce MS-

derived protein pattern. Surface-enhanced laser desorption ionization (SELDI),[98] matrix-

assisted laser desorption ionization (MALDI),[99] and electrospray[100] are the main MS 

techniques used in this type of methods. The other type of methods is identity based methods that 

give rise to peptide sequences of digested proteins. Liquid chromatography (LC)-MS/MS is the 

main technique to use in this category.[101, 102] Because of the intrinsic variations among different 

samples, it is very difficult to get universal biomarkers for general diagnostic purposes from 

pattern based methods. Thus the identity based methods are more reliable for proteomic 

biomarker discovery at this point. Recently several novel biomarker discovery techniques have 

emerged, such as aptamer assisted cell surface biomarker discovery. While the new aptamers are 

being selected for cell surface biomarkers using cell based SELEX strategy, these aptamers can 

also be used to purify and identify the target biomarkers.[103, 104] After the molecules of interest 

have been selected and identified, the relevance of these molecules to the disease needs to be 

evaluated. Only after the newly identified biomarkers have been validated, can they be further 

used for animal study and clinical trial. 
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CHAPTER 2 
SELECTION AND CHARACTERIZATION OF APTAMERS FOR LUNG CANCER USING 

CELL BASED SELEX 

Introduction 

Effective diagnosis, therapy, and prevention of diseases require the understanding of 

diseases at the molecular level, which relies not only on the genetic character but also on the 

proteomic character of diseases, especially for cancer, the number one killing disease of humans. 

For the diagnosis of cancer, accurate and flexible criteria are indispensable for the classification 

of types as well as subtypes of certain cancers to support the appropriate treatment and the 

detection of minimal residual disease. Current criteria for cancer diagnosis based on genetic and 

morphological features instead of proteomic features are complicated and insufficient for clinical 

practice, which is partially because of the lack of well-defined cancer biomarker proteins and 

specific molecular probes to recognize and identify them.[105, 106] Although cancer diagnosis by 

recognition of molecular signatures is relatively simple and direct, it is very challenging to 

discover enough cancer biomarker proteins for conclusive diagnosis because of the limits of 

current biomarker discovery techniques. Therefore, it is highly desirable to have an efficient and 

reliable method to develop specific molecular probes to distinguish the differences among cancer 

cells at the molecular level without prior knowledge of target biomarker proteins. In addition, 

with these molecular probes, more biologically meaningful biomarker proteins can be revealed to 

provide greater insight of cancer. 

Molecular level differences are presenting among different cells. For example, normal cells 

and tumor cells can be differentiated from each other by a set of molecular markers at both 

genetic and proteomic level. Even for subtypes of certain cancer, molecular differences are 

distinctive. These molecular differences are directly related with the biological mechanism of 

tumors, thus can be highly useful for diagnosis and therapy of cancer. Proteomics are the current 
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trend to realize the disease diagnosis based on molecular differences since genetic changes are 

not always related to the protein changes that directly exert the influence on the disease. Among 

all the proteins, the extracellular proteins, especially those cell surface membrane proteins are of 

great interest for cancer study such as immune response, inter-cell signaling, and cell migration. 

Practically, cell surface membrane proteins are easier to access than intracellular proteins, can be 

handled and studied at their native state without disturbing the cell activity or destructing the 

cells. Therefore, they are naturally good target molecules for molecular difference study. In other 

words, the membrane protein targets can represent the molecular level differences between 

different cancer cells. These molecular signatures expressed on live cell membranes may imply 

important disease mechanisms if validated as biomarkers.  In our lab, we tried to select aptamers 

targeting these cancer cell surface proteins using a novel in vitro selection method, cell based 

SELEX. By using this cell based SELEX technique, we expect to select aptamers against whole 

live cancer cells which exclusively express certain protein targets on cell surface, but not on 

other types of cells. The membrane protein targets of the selected aptamers represent the 

molecular level differences between the given cell lines and can be used for diagnostic purposes. 

Principle of SELEX 

In modern pharmaceutical industry, most of the drugs are designed and developed through 

a complicated process. This is done by screening the synthetic library of compounds with the 

drug target in different assays. Combinatorial chemistry plays an important role in selecting the 

best drug candidate for further investigation. Similar to drug, biopolymers are also found to bind 

with enzyme, receptor, or other protein targets. These biopolymers include peptides, proteins, 

and nucleic acids. Selection is a well established method to identify the specific biopolymers. 

The selection process usually begins with a random library, followed by incubation with target 

molecules. After removing non-binding or weak-binding molecules, the selected binders are 
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amplified in vitro or in vivo. Iterative selection cycles are required to reinforce the selection 

strength and let different binders compete with each other. Eventually this process will result in a 

small population of binding species that has highest binding affinity or efficacy against a given 

target molecule. For peptide and protein, in vivo selection techniques such as phage display and 

hybridoma technique are involved in most cases[107-111]. As synthetic molecules, nucleic acid 

probes such as aptamers can be identified using the in vitro selection. The in vitro selection 

method was first used to develop aptamers in 1990s and is generally relevant to combinatorial 

chemistry.[112, 113] The invention of automated DNA synthesis machine for the first time allowed 

the preparation of diverse, random library to be used for the selection. In addition, the in vitro 

amplification techniques such as the polymerase chain reaction (PCR) enabled researchers to 

realize the idea of iterative selection. In 1990, single-stranded nucleic acids were used to select 

aptamers using a well defined in vitro selection technology, SELEX (the Systematic Evolution of 

Ligands by Exponential enrichment).[114, 115] 

As shown in Figure 2-1, the SELEX experiment begins with a chemically synthesized 

DNA or RNA library. During the solid state synthesis, equal amounts of A, T, G, and C 

phosphoramidites are added at each step to make a totally randomized pool, resulting in a total 

number of 1013 to 1016 different sequences. Each member of the library has a different sequence 

that can form different secondary structure, and has different binding ability. These synthesized 

nucleic acid pools are then subjected with HPLC purification to remove those truncated or failed 

sequences from the pool. The length of the randomized sequences varies from 15 to 60 bases. 

There are two flanked constant sequence regions at two ends of randomized sequence region, 

serving as primer binding sites for PCR amplification. For RNA aptamer selection, the 

synthesized single-stranded DNA library needs to be transformed to single-stranded RNA 
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library. This is done by adding a promoter sequence in the primer binding site for reverse 

transcription. 

 
 

Figure 2-1. Scheme of SELEX. Like other combinatorial chemistry techniques, SELEX involves 
three steps: preparation of DNA/RNA library, selection and screening, de-
convolution and analysis of the selected aptamers. The selection step needs to be 
repeated a few times to enrich probes with highest affinity. 

In order to select aptamers from the synthesized pool, many separation methods have been 

used for aptamer selection. There are generally two major categories of methods. The first 

category is based on the difference of mobility between free and target bound molecules, 

including electrophoretic mobility shift assay and equilibrium dialysis. For example, native 

polyacrylamide gel is a method commonly used for aptamer selection of protein. The difference 

of migration ability between unbound species and bound complex allows the separation to 

happen. Another major category is immobilization of target molecules on a carrier or stationary 

phase of chromatography through covalent bonding or absorption. For single protein aptamer 
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selection, the nucleic acid pool is allowed to interact with the target on nitrocellulose filters, 

followed by washing to remove those unbound nucleic acid sequences from the binding complex 

of aptamer and protein. Affinity chromatography is usually used for small molecule aptamer 

selection. By using chromatography technique, the unbound species can be washed off and the 

bound sequences can be eluted later on. Recently, a few new separation techniques are 

introduced to this field for aptamer selection. For example, capillary electrophoresis has great 

number of theoretical plates and therefore has excellent separation capability for protein. The 

small volume of CE experiment is also an advantage for aptamer selection against some small 

amount samples. With CE technique, the unbound species can be well separated from bound 

species and the efficiency is much better than traditional chromatography based selection 

techniques.[116] Another new SELEX technique is magnetic bead based SELEX. Before the 

selection experiment, the protein molecules are immobilized on the surface of magnetic beads 

using conjugation methods through certain amino acid residues. The magnetic beads are 

commercially available maghemite/magnetite material commonly used for separation and MRI. 

It has several properties suitable for aptamer selection: the high capacity allows enough proteins 

to be immobilized on the surface; and they are very easy to be conjugated with protein; also the 

magnetic bead will not have any effect on the later PCR amplification experiments. As shown in 

Figure 2-2, protein targets immobilized on the magnetic beads interact with nucleic acid pool 

first, followed by washing away unbound sequences with the help of magnetic extraction. This 

strategy allows easy separation and recovery of sample during SELEX experiment. The 

consumption of the target protein is also very low. More importantly, there is no decay of 

aptamer/ protein complex during the separation as observed in CE-SELEX, which makes the 

selection highly reproducible, and thus suitable for automation of the whole process.  
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Figure 2-2. Magnetic bead based SELEX. Target proteins are immobilized on the surface of 
prefabricated magnetic beads. After purification and conjugation, unbound protein is 
removed from protein-magnetic particle complex. Following its incubation with 
nucleic acid library, protein-magnetic particle complex with bound aptamers will be 
removed from free nucleic acid by the magnetic extraction. PCR amplification of 
selected aptamers then can be performed directly at the presence of magnetic beads.  

After the incubation and separation steps, only a few sequences will remain in the pool. 

Molecular biology methods are then used to amplify the selected nucleic acid molecules. 

Typically PCR technique is used to amplify DNA pools. For RNA pools, reverse transcription 

takes place first, followed by DNA amplification by PCR. For later selection, amplified DNA 

can be converted back to RNA via in vitro transcription. In order to have binding species 

compete with each other to obtain the aptamers with highest affinity, multiple rounds of selection 

are required. Along with the selection progress, the stringency of aptamer selection is varied, 

including the concentration, incubation time, and the volume of wash. The number of cycles of 

selection depends on many factors such as nature of target, degree of randomization, and 

selection stringency. The entire process can take a few weeks, about 15-25 rounds of selection. 

Between cycles of selection, the resulted pool will be screen to monitor the progress of 
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enrichment of aptamers. Once the binding reaches to a plateau and the pool population narrows 

down enough, the pool will subject to cloning and sequencing to identify the individual 

sequences. The sequences of selected pool will then be aligned with the help of software to sort 

consensus sequences that are expected to have more chance of being prospect aptamers. The de-

convolution experiments will then be performed to test the aptamer candidates.  

Methods and Materials 

Cell Based SELEX 

Unlike the SELEX techniques for small molecules and pure proteins, the in vitro selection 

for complex target is far more difficult. In such a selection experiment, an array of proteins is 

targeted, instead of a single purified protein. During the selection, the composition of selected 

pool is dominated by both concentration ratio of different target proteins and their affinities to 

corresponding aptamers. Recently a mathematic simulation of SELEX against complex target 

was performed.[117] This study revealed the relationship among the protein concentration, 

partitioning efficiency, and protein affinity in the selection experiment. In addition, the SELEX 

against complex target requires particular effort for de-convolution of aptamers targeting 

different target proteins. In the past a few years, there were a few demonstrations of SELEX 

against complex system using organelle or subpopulations of cells as target. Red blood cell 

membranes and live trypanosomes have been tested and aptamers were successfully 

developed.[118, 119]  

To select aptamers targeting membrane proteins on live cell surface, we developed a new 

cell based SELEX method. This method is different from previous attempts of SELEX against 

complex systems such as isolated cell membranes, organelles, and purified proteins. [118, 120-122] 

The new cell based SELEX method uses whole live cell as complex target for aptamer selection. 

Another distinct aspect of this methodology is the use of a counter-selection strategy to screen 
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out those aptamers bound to common target proteins expressed on the cell membranes of 

different cancer cells. As shown in Figure 2-3, cell based SELEX were established to develop 

aptamer probes for molecular differences between different cancer cells. In this specific case, 

two different leukemia cell lines were chosen as a model system to develop the methodology. 

 
 

Figure 2-3. Scheme of cell based SELEX. The single stranded DNA pool was incubated with 
target cells. After washing, the binding species were eluted by heating. The eluted 
DNAs were then incubated with negative cells for counter-selection. The supernatant 
containing specific DNA for only target cells was collected for PCR amplification. 
After single stranded DNA generation, the sequences were used for next round of 
selection. The selected pool will be cloned and sequenced for individual aptamer 
identification after the last round selection. 
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A cultured precursor T-cell acute lymphoblastic leukemia (ALL) cell line, CCRF-CEM, was 

used as a positive target and a cultured B-cell human Burkitt’s lymphoma cell line, Ramos, was 

used as the negative control. 

Leukemia cell lines were chosen to demonstrate the cell based SELEX concept because 

they are homogeneous cell suspension that is easy to handle during experiments.  Also the 

viability of leukemia cell lines is greater than 99%, which will not have negative effect on the 

SELEX efficiency, since the dead cells often nonspecifically uptake DNA molecules. In 

addition, there are many antibodies specific for leukemia cell surface antigen recognition. These 

antibodies are available for comparison with selected aptamers. At the beginning of the SELEX 

experiment, the single-stranded DNA pool was incubated with target cells to allow the binding. 

The unbound DNA or weak binders were then removed by washing the cells. After washing, the 

bound DNAs were eluted by heating. There DNAs were then incubated with negative cells for 

counter-selection. The DNAs specific for target cells were left in the supernatant after counter-

selection and collected by centrifugation. The collected DNAs were amplified by PCR reaction. 

In the next step, the PCR product containing double stranded DNAs was separated to single 

stranded DNAs for next round of selection. After the last round of selection, the selected pool 

will be cloned and sequenced to identify the individual aptamers.  

After iterative binding with both positive and negative cell lines, a panel of aptamer probes 

becomes enriched. Flow cytometry assay was used to screen the binding ability of selected pools 

along the progress of selection. The DNA sequences were labeled with fluorophore by using 

fluorophore modified primers in PCR reaction. After incubation with dye –labeled pools, the 

fluorescence intensity of DNA bound cells measured by flow cytometry represents the binding 

capacity of the aptamers to the cells as shown in Figure 2-4. Along with the progress of selection 
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experiment, we can see the gradual increase of the binding ability of selected pool. This means 

that the population of strong binders has been enriched. The later cloning and sequencing 

experiment confirmed this result. A few aptamers against different cell surface target proteins 

were discovered and used for probing the molecular signatures of different leukemia cells in a 

direct and simple manner. Not only are these discovered aptamers as accurate as, if not better 

than, the antibodies for the differentiation of subtypes of leukemia, they also reveal more subtle 

molecular-level differences. Theoretically, any molecular level variance among different types or 

subtypes of cancer cells could be revealed by a similar methodology that was previously 

impractical. 

 
 

Figure 2-4. Progress of aptamer enrichment during cell based SELEX. A) Flow cytometry assay 
of FITC-labeled selected pools with CCRF-CEM target cells and Ramos control cells. 
The green curve represents the non-specific binding of unselected DNA library. For 
target cells, there were gradual increases in binding capacity of the DNA pools as the 
selection progressed, whereas there was little change for the control cells.  B) 
Confocal imaging results of TMR-labeled selected pools with CCRF-CEM target 
cells and Ramos control cells. Target cells were stained by the dye labeled DNA 
pools on the membrane region, while only little background signal can be observed 
on the control cells. 

DNA Library and Aptamer Synthesis 

After we successfully established the methodology of cell based SELEX, we applied this 

new approach to the aptamer selection for lung cancer cells. We designed a 71mer single-
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stranded DNA library, which has a 35mer randomized region and two 18mer PCR primer 

binding sites on 3’ end and 5’end respectively. The sequence of DNA library is as following: 5’- 

TACCAGTGCGATGCTCAG (NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN) 

CTGACGCATTCGGTTGAC - 3’. Unlabeled/fluorophore labeled DNA library, PCR primers, 

and later selected aptamers were all synthesized in house on an ABI 3400 DNA/RNA synthesizer 

(Applied Biosystems, Foster City, CA, Figure 2-5) using solid-state phosphoramidite chemistry 

at 1 µmol scale. 

 
 

Figure 2-5. ABI 3400 DNA/RNA synthesizer. (Applied Biosystems, Foster City, CA) 

For labeled DNA library and aptamers, fluorescein isothiocyanate (FITC), tetramethyl-6-

carboxyrhodamine (TMR), and biotin were added to the sequences by using 3’end modified 

phosphoramidite CPG or 5’ end on/off column conjugation method. 

Once the synthesis was completed, the DNA was deprotected and cleaved from the solid 

support. The resulted product was then subjected to two times of reverse phase HPLC (RP-

HPLC) purification process on a ProStar HPLC (Varian, Walnut Creek, CA) with a C18 column 
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(Econosil, 5u, 250 × 4.6 mm) from Alltech (Deerfield, IL) and optimized elution gradient in 

0.1M TEAA solution. The HPLC-purified product was then dried, trityl group deprotected, and 

re-suspended in water for quantification. Quantification was done by measuring the UV/Vis 

absorbance on a Cary Bio-300 UV spectrometer (Varian, Walnut Creek, CA). A 1 cm path 

length square quartz cuvette was used for absorption measurements. Then the product was 

titrated and suspended in buffer for experimental uses.  

Chemicals and Reagents 

Controlled-pored glass (CPG) beads, phosphoramidite, dichloroacetic acid (DCA), 

tetrazole, acetic anhydride, iodine, and other reagents used for DNA synthesis were purchased 

from Glen Research (Sterling,Va,). DNA labeling reagents were purchased from Molecular 

Probes and Glen Research. Solvents for DNA synthesis and HPLC purification such as acetone 

nitrile, dichloromethane (DCM), and water with different purity were purchased from Fisher 

Scientific. Ammonium hydroxide, TEAA, ethanol, were also purchased from Fisher Scientific. 

All other chemicals were purchased from Sigma–Aldrich and Fisher Scientific. Agarose, agar, 

PBS buffer were purchased from Fisher Biotech.  

Washing buffer was prepared by dissolving glucose (4.5 g/L), MgCl2 (5 mM), and bovine 

serum albumin (1 mg/mL) in Dulbecco’s PBS (pH 7.3). Yeast tRNA (0.1 mg/mL) was added in 

washing buffer to prepare binding buffer to minimize the nonspecific binding effect. 

Cell Culture 

NCI-H69 (small-cell carcinoma), NCI-H661 (large-cell carcinoma), NCI-H146 (small-cell 

carcinoma), NCI-H128 (small-cell carcinoma), NCI-H23 (adenocarcinoma), NCI-H1385 

(squamous-cell carcinoma), CCRF-CEM (T-cell acute lymphoblastic leukemia), and Ramos (B-

cell human Burkitt’s lymphoma) cells were purchased from American Type Culture Collection 

(ATCC), and maintained at37ºC and 5% CO2 in RPMI 1640 medium (ATCC) supplemented 
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with 10% heat-inactivated fetal bovine serum (FBS) (GIBCO) and penicillin–streptomycin (100 

IU/mL, Cellgro). IMEA (liver cancer) and BNL (liver cancer) cells were obtained from the 

Department of Pathology at the University of Florida. Both suspension cells and adherent cells 

were cultured in 75cm2 cell flasks (Fisher Scientific). Growing curves of different cells were 

recorded and the cell density was determined using a hemocytometer before splitting and 

experiments. Suspension cells were generally splitted 2 to 3 times every week by centrifugation 

at 850 rpm for 3 minutes to remove the old medium, and re-dispersed in aliquots of new medium. 

For cell aggregates in suspension cells, mechanical method and non-enzymatic dissociation 

reagent were used to break the cell aggregates to single cells for easy handling and minimizing 

the multi-cell effect on binding results. Adherent cells were generally splitted 1 to 2 times every 

week and were trypsinized by incubating with 3 mL trypsin for 15 minutes at 37 ºC before 

splitting and experiments. Detached cells were then washed and re-dispersed in aliquots of new 

medium. Adherent cells were also detached from flask wall by using non-enzymatic dissociation 

reagent (EDTA in PBS, Fisher Scientific) to avoid the potential protein digest by trypsin, 

particularly important for cell SELEX experiment and flow cytometry experiment. EDTA was 

removed by washing with buffer after treatment to minimize the chelation effect of EDTA with 

Mg2+, which is important for DNA binding. For experiment uses, the cells were kept on ice after 

above treatment. 

Polymerase Chain Reaction 

At the end of every round of selection, target cell specific DNA sequences were collected 

to be amplified by PCR reaction. The binding sequences were amplified to multiple copies to 

form the starting pool for next round of selection. To have these DNA sequences amplified by 

PCR reaction, two 18 base long PCR primers were designed for the DNA library 5’- 

TACCAGTGCGATGCTCAG (NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN) 
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CTGACGCATTCGGTTGAC - 3’.  The primers were designed under the general guideline of 

primer requirement with the help of Oligo Analyzer software (Integrated DNA Technologies, 

Coralville, IA) and PrimerPremier 3.0 software (PremierBiosoft). The primers have melting 

temperature difference within 1 degree, and have no apparent intra-primer homology 

(homodimer), inter-primer homology (primer dimer), internal secondary structure, repetitive 

sequence, and poly-nucleotide stretches. The sequences and parameters of primers are as 

following. 

Forward primer: 5’-TACCAGTGCGATGCTCAG (length: 18 base; GC content: 55.6 %; 

melting temperature: 54.6ºC; molecular weight: 5499.6 g/mole; extinction coefficient: 171500 

L/(mole·cm); nmole/OD260: 5.83; µg/OD260: 32.07; strongest secondary structure folding Tm: 

25 ºC). 

Reverse primer: 5’- GTCAACCGAATGCGTCAG (length: 18; GC content: 55.6 %; 

melting temperature: 54ºC; molecular weight: 5508.6 g/mole; extinction coefficient: 176400 

L/(mole·cm); nmole/OD260: 5.67; µg/OD260: 31.23; strongest secondary structure folding Tm: 

33.1ºC). 

Melting temperature settings are oligo concentration: 0.25 µM; Na+ concentration: 50 mM 

monovalent salt. 

The designed PCR primers were then synthesized on DNA synthesizer and purified with 

RP-HPLC before experiment. Unlabeled forward and reverse primers were used for real-time 

PCR experiments in which the intercalating dye, SYBR green was used for signal detection. 

FITC labeled forward primer and triple-biotinylated (trB) reverse primer were used to generate 

PCR product for flow cytometry assay. TAMRA labeled forward primer and triple-biotinylated 

(trB) reverse primer were used to generate PCR product for confocal imaging experiments. 
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PCR reaction conditions were then optimized for the designed primers. The parameters 

include concentrations of primers and template, concentrations of Taq polymerase and dNTP, 

concentrations of Mg+ and other salt, annealing temperature and time, extension temperature and 

time, PCR cycles. PCR parameters consisted of 3 minutes of Taq activation at 95ºC, and 15 

cycles of PCR at 94ºC for 30 s, 52ºC for 30 s, 72ºC for 15 s, followed by 5 minutes of extension 

at 72ºC. Specificity of PCR amplification was verified by melting curve analysis as shown in 

Figure 2-6. Amplification products were also resolved by agarose gel electrophoresis and 

visualized by ethidium bromide staining. The optimized PCR reaction conditions were then used 

in SELEX experiments except the template DNA amount, which will be determined by real-time 

PCR experiment after every round of selection. 

 
 

Figure 2-6. Melting curve of PCR amplified DNA product with optimized PCR conditions. The 
left peak represents the specific PCR product, the right peak represents the small 
amount of non-specific PCR product such as low molecular weight primer dimer or 
high molecular weight over-amplified DNA. 

Because the amount of template DNA used in PCR reaction is an important parameter to 

avoid non-specific PCR amplification, and the amount of bound DNA sequences after every 

round of selection is variable, real-time PCR was used in SELEX experiment to determine the 

amount of DNA molecules to be amplified after every round of selection. Real-time PCR is a 

PCR system using fluorescence based detection system to measure the amount of amplified 
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products through the use of DNA intercalating dye or other probe chemistry. In contrast, 

amplified products were measured by end point analysis system in regular PCR reaction. By 

using real-time PCR, people can monitor the PCR reaction to avoid the linear increase range 

after initial exponential increase range. Also, the starting quantity of template molecules can be 

measured by determining the number of cycles required to reach a set level of product. 

Typically, the fluorescence based detection system of real-time PCR uses intercalating dyes or 

hybridization probes. For intercalating dyes, the fluorescence is hundreds of times brighter when 

bound to double stranded PCR product than bound to single stranded DNA template, as 

illustrated in Figure 2-7.   

 
 

Figure 2-7. Principle of real-time PCR reaction. A) Intercalating dyes bind to double stranded 
PCR product and give out bright fluorescence signal for detection. B) Fluorescence 
profile of real-time PCR along with PCR cycles. 

In SELEX experiment, we used iTaq DNA polymerase (Bio-Rad) and a MyiQ real-time 

PCR system (Bio-Rad) to perform real-time PCR experiments. SYBR green (Molecular Probes) 

was used for the detection of PCR products by intercalating into double stranded DNA product 
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of PCR reaction. PCR cycles were optimized according to the determined template amount. The 

bulk of target cell specific DNA molecules harvested from selection experiment were then 

amplified with the optimized conditions in regular PCR. 

Gel Electrophoresis 

After PCR reaction, the amplified selection products were analyzed by gel electrophoresis. 

Typically, agarose gel was used for the visualization of relatively short double stranded DNA. 

This is achieved by forcing the negatively charged DNA molecules to move through agarose 

matrix with an electric field. Shorter sequences move faster than longer ones. By running 

together with a standard DNA ladder, the size of DNA product can be estimated. In our 

experiments, we prepared 3% agarose gel by dissolving 1.35 g agarose in 45 mL 1X 

Tris/Borate/EDTA (TBE) buffer (Fisher Scientific), followed by heating twice in microwave 

oven for 1 minute. The solution was then allowed to cool down to 60ºC and poured in gel rack to 

form the gel. Once the gel is ready, the DNA samples mixed with loading dye (bromophenol 

blue and glycerol) were added in gel wells for running. At the same time, ethidium bromide 

(EtBr) was added for staining the DNA for visualization after electrophoresis. We typically used 

constant voltage of 100V for electrophoresis. After the electrophoresis, the gel was put on UV 

lightbox to visualize DNA bands in the gel. The locations of DNA bands to be detected were 

then compared with DNA ladder (molecular weight marker) to estimate the size of the DNA as 

shown in Figure 2-8. 
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Figure 2-8. Gel electrophoresis picture of PCR product in a 3% agarose gel. The DNA is 70 base 
long in the length, which is close to the 75 base marker in the DNA ladder lane. 

Single-stranded DNA Generation 

PCR reaction amplifies single stranded DNA sequences to double stranded DNA 

sequences. To generate single stranded DNA from PCR product for next round of selection, the 

sense ssDNA was separated from the biotinylated anti-sense ssDNA using streptavidin-coated 

sepharose beads (Amersham Pharmacia Biosciences). We prepared affinity columns filled with 

streptavidin-coated sepharose beads. The PCR products then went through the column 3 times to 

allow the biotinylated anti-sense ssDNA to bind with streptavidin-coated beads. After elution 

with alkaline solution (0.2 M NaOH), the sense ssDNA was desalted with a Sephadex G-25 

column (NAP-5, Amersham Pharmacia Biosciences). The recovered single stranded DNAs were 

then quantified by UV measurement, and dried in a SpeedVac. The products were finally re-

suspended in buffer to be used for next round of selection. 

Cloning and Sequencing 

To isolate individual aptamers from selected pool, cloning was performed after a few 

rounds of selection. The most selected ssDNA pool was PCR amplified with unlabeled primers, 

and inserted into the pCR 2.1-TOPO TA Cloning vector (Invitrogen) (Figure 2-9). The TOPO 

TA Cloning kits are designed for cloning PCR products directly from a PCR reaction in short 
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time. They use a pCR-TOPO vector with covalently bound topoisomerase I for fast cloning and 

recombinants. To insert DNA pool into the vector, a 6 µL TOPO cloning reaction was set up by 

mixing 4 µL PCR products with 1 µL TOPO vector in salt solution and incubating for 5 minutes 

at room temperature. The prepared cloning vector was then transformed into One Shot competent 

Escherichia coli cells by incubation together for 30 minutes on ice. The cells were then heat 

shocked at 42ºC for 30 seconds. After well mixed with room temperature S.O.C medium, the 

transformed cells were spread onto pre-warmed and sterilized LB plates containing 50 µg/mL 

ampicillin and 40 mg/mL X-gal in dimethylformamide (DMF). The cloning plates were then 

incubated at 37ºC for the cells to grow. After 8 to 12 hours, the blue/white screening can be 

performed to pick the colonies. An efficient TOPO cloning reaction should produce several 

hundred colonies. Among them, white or light blue colonies were picked up for extracting the 

plasmids for sequencing.  

 

 

Figure 2-9. pCR 2.1-TOPO cloning vector map. 
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White colonies from cloning reaction were then heated to lyse the cells. The plasmid DNA 

was isolated using plasmid preparation kit. The isolated plasmid DNA was further amplified by 

rolling cycle amplification reaction (RCA) and analyzed by gel electrophoresis. The RCA 

products from every colonies were then sequenced with 454 Life Sciences DNA sequencing unit, 

GS20, at Interdisciplinary Center for Biotechnology Research (ICBR) of the University of 

Florida (Figure 2-10). The 96 well plates containing individual colonies were taken back and 

used as DNA template for PCR amplification to prepare individual sequences ready for binding 

tests with cells based on the sequence analysis results. 

 
 

Figure 2-10. Sequencing results produced by 454 Life Sciences DNA sequencing unit, GS20. 

The sequencing results were subjected to the multiple sequence alignment analysis with 

the MEME/MAST SYSTEM, version 3.5.3 (developed by Timothy Bailey, Charles Elkan, and 

Bill Noble at the UCSD Computer Science and Engineering department with input from Michael 

Gribskov at Purdue University, http://meme.nbcr.net) to discover highly conserved motifs in 

groups of selected DNA sequences. The discovered consensus sequences with high repeats 
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among selected pool were then prepared using RCA product from sequencing experiment as 

PCR template and tested for specificity and affinity. The aptamer candidates obtained in this way 

were then chemically synthesized on DNA synthesizer for further screening. 

Flow Cytometry 

Flow cytometry is a popular tool widely used in cell biology measuring various parameters 

of cells, which include forward scattering signal, side scattering signal, and florescence signal, as 

shown in Figure 2-11. During the experiment, the monodispersed cells are brought by sheath 

flow through the focal point of laser one by one. The signals resulted from the shining of laser 

are collected simultaneously for every cell. The forward scattering signal usually represents the 

size of the cells while the side scattering signal represents the smoothness of the cell surface. 

These two parameters generally describe the physical characteristics of cell. If the cells are 

stained with fluorescent molecules such as binding to dye labeled aptamers, the fluorescence 

signal can be collected at the same time. To monitor the enrichment of aptamers along with the 

progress of SELEX, FITC labeled ssDNA pools were incubated with 1×106 cells in 400 µL 

binding buffer at 4ºC for 30 minutes. Cells were washed twice after incubation and analyzed by 

flow cytometry. The binding of selected aptamers to SCLC cells, NSCLC cells, leukemia cells, 

and liver cancer cells were similarly analyzed. Flow cytometry was performed on a FACScan 

cytometer with CellQuest software (Becton Dickinson Immunocytometry Systems, San Jose, 

CA). Typically, 30000 cells were measured for every sample. Flow cytometry data were 

analyzed by WinMDI 2.9 software (Joe Trotter, http://facs.scripps.edu/software.html). 
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Figure 2-11. Working principle of flow cytometry. Forward scattering signal, side scattering 
signal, and florescence signal are collected for every cell. 

Fluorescence Confocal Imaging 

The binding of selected ssDNA pools and individual aptamers to SCLC cells were 

evaluated by fluorescence confocal imaging. Cells were incubated with 250 nM TAMRA labeled 

aptamers in 100 µL binding buffer at 4ºC for 30 minutes. After washing, 20 µL of solution was 

dropped on a covered glass slide for examination with confocal microscope. Fluorescence 

confocal imaging was performed on a Fluoview 500/IX81 inverted confocal scanning 

microscope system (Olympus). A 5-mW, 543-nm He-Ne laser was used as excitation source for 

TAMRA dye. The objective used for imaging was a 60× oil-immersion objective 

(PLAPO60XO3PH) with a numerical aperture of 1.40 (Olympus). A 20× objective with a 

numerical aperture of 0.7 (Olympus) was also used for imaging of large field. Images were taken 

after a five to ten second period during which the instrument was focused to yield the highest 

intensity from the fluorescence channels. Staining of cell line tissue array by fluorescent 

aptamers and extraction of SCLC cells by aptamer conjugated nanoparticles were evaluated by 

confocal imaging in a similar way as described above. 
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Results and Discussion 

Selection of Aptamers 

With the developed cell based SELEX technique, we applied this approach to the system 

of our main interest, lung cancer. We expected to select some aptamers targeting the cell surface 

markers of various lung cancer cells, which may be used in future applications such as early 

diagnosis and targeted therapy of lung cancer. We first picked small cell lung cancer as the 

system to select aptamers using cell based SELEX because it is the most aggressive subtype of 

lung cancer with greater than 95% mortality in a few years, and has the shortest life expectancy 

among all lung cancer subtypes.[123, 124] 

To develop cell specific aptamer probes, live cancer cells were directly used as the target 

for cell based SELEX, an approach established in our lab. We chose to develop aptamer probes 

targeting classic small cell lung cancer (SCLC) in initial study as it possesses the worst clinical 

presentation among all lung cancer phenotypes. Non-small cell lung cancer (NSCLC, large cell) 

was adopted as a control for cell based SELEX to generate aptamers exclusive to the cell surface 

markers of SCLC. These cell surface markers are so exclusive to SCLC that normal lung 

epithelial cells are also not expected to bear them and cross-react with developed aptamers, as 

observed in previous studies with antibodies.[7] With counter-selection against control cells, the 

aptamers achieve great selectivity for the reliable detection of lung cancer antigens.  

The cell based SELEX approach was first adapted in a few aspects to work with floating 

aggregates of SCLC and adherent monolayers of NSCLC, which are two typical growth patterns 

of lung cancer cell culture. Because of their heterogeneous population and poor viability, it is 

more challenging to perform cell based SELEX with lung cancer than leukemia in previous 

study.[18] The leukemia cells have several advantages to be used as a model system to 

demonstrate cell based SELEX. However, the developed aptamers are relatively less significant 
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for leukemia diagnosis or therapy than the aptamers for lung cancer. Leukemia cells are 

generally homogeneous cell suspension, so that they are easy to handle during the selection 

process. They also have very good viability that has minimal effect of nonspecific DNA 

absorption. In some cases, the dead cells can nonspecifically trap large amount of DNA, which 

could be amplified together with specific binding DNA during PCR reaction. This effect will 

significantly compromise the selection efficiency. In addition, the leukemia cells have short 

doubling time, which makes it easy to supply cells during selection.  

In contrast, lung cancer cells have very diverse growing patterns as well as growing curves. 

Typically, small cell lung cancer grows as cell aggregates with various sizes in cell suspension, 

as shown in Figure 2-12 (A). This heterogeneous cell population can cause the aptamers to bind 

with cell aggregates of different sizes in a complicated manner. And the histogram results of 

fluorescence signals measured by flow cytometry are too broad to be used for comparison of 

binding ability among different selected DNA pools. The cell viability of lung cancer is also a 

concern for cell based SELEX, especially for small cell lung cancer. Generally, small cell lung 

cancer cells grow with a viability of 70% (30% cells are dead cells). The dead cells will fall off 

the cell aggregates to become single dead cells mixed with other live cell aggregates. These dead 

and/or dying cells can non-specifically absorb large amount DNA molecules during experiments. 

This effect was confirmed by both flow cytometry and fluorescence confocal imaging results. 

The biggest challenge of dead cells mixed with healthy cells for cell based SELEX experiment is 

that the cells trapped in dead cells can be PCR amplified together with those specific aptamer 

DNA, compromising the enrichment efficiency of aptamers. With these disadvantages, we 

preferred to treat the cell aggregates into single cells in solution before experiment. The small 

cell lung cancer cell suspension was filtered using a film with proper size to remove the single 
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dead cells in solution. The healthy cell aggregates were retained to be treated with non-

enzymatic cell dissociation reagent, and were further broken apart by mechanical method such as 

pipetting the solution. The resulted single cell suspension was finally washed several times to 

remove the EDTA in non-enzymatic cell dissociation reagent, which may affect the formation of 

aptamer secondary structure. In addition, small cell lung cancer cells have relative longer 

doubling time, so that we studied their growing curve and optimized their culture condition to 

assure the supply of cells for SELEX experiments. Non-small cell lung cancer cells generally 

grow as adherent monolayers in cell flask, as shown in 2-12 (B). Instead of doing SELEX 

experiment with cell suspension, we incubated DNA pools with cells directly on the wall of cell 

flask without peeling them off using trypsin since the trypsin may destroy some cell surface 

proteins.  

 
 

Figure 2-12. Growing patterns and cell morphology of small cell lung cancer and non-small cell 
lung cancer. A) SCLC cells grow as cell aggregates in suspension. B) NSCLC cells 
grow as adherent monolayer. 

However, we often treated NSCLC cells with non-enzymatic dissociation reagent to make them 

single cells in suspension for flow cytometry experiments. Unlike SCLC cells, NSCLC cells 

have very good cell viability. The dead cells fall off the flask wall while healthy cells attach to 
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flask wall. The dead cells thus can be easily removed by washing before experiment. NSCLC 

cells have short doubling time, which makes cell culture relatively easier than SCLC cells. 

In the actual selection (Figure 2-13), a cultured SCLC cell line, NCI-H69, was first 

incubated with a 71-base synthetic single stranded DNA library. Target cell (NCI-H69) and 

control cell (NCI-H661) were counted and tested for viability before experiments. Target cells 

were treated in the way described above: dead cells were filtered away, and cell aggregates were 

broken apart to individual cells. The synthesized ssDNA library (10 nmol in 1 mL binding 

buffer) was first denatured at 95ºC for 5 minutes and kept on ice for 10 minutes. 2×106 target 

cells were washed, dissociated (0.53 mM EDTA/PBS), and then incubated with ssDNA library at 

4ºC for 30 minutes. After 3 times of stringent washing, the DNA sequences that bound to target 

cells were eluted to 300 µL binding buffer by heating at 95ºC for 5 minutes. The cell debris was 

removed by centrifugation, and DNAs in supernatant were collected. A cultured NSCLC cell 

line, NCI-H661, was now introduced as control cell to separate aptamers with affinity to both the 

target and control cells from those aptamers recognizing only target cells in the eluted DNA 

pool. The eluted DNAs were incubated with excess control cells at 4ºC for 30 minutes for 

counter selection (eliminated in first round of selection). After counter selection, the DNAs that 

don’t bind to control cells were collected, desalted, and used as template in PCR reaction for 

amplificaiton.  

Because the amount of harvested DNA from every round of selection is variable due to 

changing conditions, it is always wise to quantify the exact amount of DNA to be used as 

template in PCR reaction. Too little template can cause insufficient material for next round of 

selection; however, too much template may lead to non-specific amplification, resulting in by-
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product in PCR. We developed a novel real-time PCR method to determine the amount of target 

bound DNA after selection. 

 
 

Figure 2-13. Cell based SELEX using small cell lung cancer cells as target cells and non-small 
cell lung cancer cells as control cells. DNA library was first incubated target cells in 
dish, followed by washing away non-specific binding sequences. A number of DNA 
molecules from the ssDNA library bind to SCLC cells after incubation and are 
retained for counter-selection with NSCLC cells. Target bound sequences were then 
incubated with control cells to remove those sequences bind to both target and control 
cells. The SCLC-specific DNA molecules are subsequently PCR amplified for the 
next round of selection, or for cloning and sequencing to identify individual aptamers 
in the most selected pool. 

Besides using this data for bulk PCR, it can also be used to compare the binding ability of 

different pools during the SELEX. More DNA sequences left after selection generally means 

stronger binding pool. This can be correlated with the flow cytometry data to monitor the 

enrichment process of aptamers.   

In our experiments, we took a portion of DNA from the selection product for real-time 

PCR test. This DNA template with unknown amount was accompanied by a series of standard 
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DNA samples with known amount in real-time PCR reactions, as shown in Figure 2-14 (A). 

Since the starting quantity of DNA template in real-time PCR is proportional to the threshold 

cycles, the unknown sample amount can be determined by comparison with standard known 

sample as shown in Figure 2-14 (B). Once we knew the amount of DNA in selected pool, we 

decided the reaction volume for bulk PCR reaction to be used with the previously optimized 

PCR conditions including cycles and temperatures. From our results, real-time PCR does show 

great advantages in cell based SELEX. It is both time and cost effective, without running several 

rounds of PCR and gel electrophoresis to optimize the PCR condition in every round. The quality 

of PCR product can be easily identified by melting curves. 

 
 

Figure 2-14. Principle of determining starting quantity of PCR template by using real-time PCR. 
A) Unknown amount sample was used as template in real-time PCR reaction, 
accompanied by a series of standard DNA samples with known amount. B) The 
starting quantity of DNA template in real-time PCR is proportional to the threshold 
cycles, the unknown sample amount can be determined by comparison with standard 
known sample. 

After we amplified the selected pool with FITC and biotin labeled primers in bulk PCR 

reaction, the PCR product of first round of selection was then processed as described before to 

generate single stranded DNAs using streptavidin beads for next round of selection. For the 

second round of selection, all product of first round was dissolved in 200 µL binding buffer as 

starting ssDNA pool. To increase the stringency of selection, the washing strength was enhanced 
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by gradually increasing washing time (from 1 to 10 minutes), washing volume (from 1 to 3 mL), 

and washing round (from 3 to 5 times). Meanwhile, the SELEX progress was monitored by flow 

cytometry and fluorescence confocal imaging. 

From the results of flow cytometry (Figure 2-15) and confocal microscopy (data not 

shown), the binding ability of DNA pools from each round of selection was assessed.  

 
 

Figure 2-15. Flow cytometry monitoring of lung cancer cells with DNA library and selected 
pools along the progress of SELEX. The FITC-labeled ssDNA library and selected 
DNA pools were tested for binding to NCI-H69 (SCLC) and NCI-H661 (NSCLC) 
cells by flow cytometry. The binding ability of selected DNA pools gradually 
increased for SCLC, and no significant change was observed for NSCLC: red) 
ssDNA library, purple) 5th round pool, green) 18th round pool, blue) 25th round 
pool. 

The increase in the fluorescence intensity of the dye labeled DNA pools bound to target cells is 

gradual and steady along with the progress of selection, indicating a successful evolution of high 

affinity aptamers. By contrast, no significant change was observed in the response to the control 

cells during the selection process, demonstrating the specificity of selected DNA pools. A panel 

of aptamer probes eventually evolved to have great specificity and high affinity for SCLC along 
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with the SELEX progress. After 25 rounds of selection, the binding ability of selected DNA pool 

reached a plateau, and cloning was performed to isolate individual aptamers in the most selected 

DNA pool. 

Sequencing and Alignment Results 

To isolate and purify individual DNA aptamers from the enriched pool, we PCR amplified 

the most enriched 25th round pool for cloning. The PCR products were inserted into the cloning 

vector and transformed into bacterial cells. The resulted monoclonies containing individual 

sequences were treated to extract the plasmids. The plasmids were further amplified by RCA 

reaction for sequencing. About 400 DNA sequences were obtained, and analyzed by multiple 

sequence alignment software (MEME/MAST SYSTEM, version 3.5.3) to check for any 

consensus sequence. As shown in Figure 2-16, we found that the majority of aptamers in the 

selected pool belong to several families based on the consensus sequences they have. In some 

families, many sequences have identical or similar sequence, and have high repeats (Figure 2-

17). These families were thought to have the biggest chance to become the aptamers targeting 

cell surface markers, so that they were synthesized for testing their binding ability to SCLC cells. 

Deconvolution of Specific Aptamers 

From the sequencing and alignment results, we synthesized the following sequences as 

potential aptamer candidates. 

HCA12:5’TACCAGTGCGATGCTCAGGTGGATTGTTGTGTTCTGTTGGTTTTTGTGTTGT
CCTGACGCATTCGGTTGAC3’ 
HCC03:5'TACCAGTGCGATGCTCAGCCGGGGACCGGGGCACCGGGGGCCAGTGGCAC
GGACTGACGCATTCGGTTGAC3' 
HCH07:5’TACCAGTGCGATGCTCAGGCCGATGTCAACTTTTTCTAACTCACTGGTTTT
GCCTGACGCATTCGGTTGAC3’ 
HCH01:5’GTCAACCGAATGCGTCAGCTGGATCTTAAAGATTGCATGCGCTCACTATGG
GACTGAGCATCGCACTGGTA3’ 
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Figure 2-16. Multiple sequence alignment analysis of sequencing results with MEME Version 
3.5.3. Motif 1 refers to aptamer HCA12, motif 2 refers to aptamer HCC03, motif 3 
refers to aptamer HCH07, motif 4 refers to aptamer HCH01. 
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Figure 2-17. Family of aptamer HCH07 shares the same consensus sequence and has high 
repeats. 

After testing, a few of them showed prominent binding ability for SCLC but not for 

NSCLC (control cell) compared with DNA library, as illustrated by flow cytometry results 

(Figure 2-18). The dominant peak refers to the binding of aptamer with SCLC cells. A second 

peak with high fluorescence signal may represent the population of dead cells containing non-

specific DNA molecules labeled with fluorescent dye. 

In order to see the binding profile of aptamers in a more direct way, we used fluorescence 

confocal imaging with TAMRA labeled aptamers to confirm the flow cytometry results. 

According to confocal imaging results, fluorescent dye labeled aptamers bind to target SCLC 

cells specifically (Figure 2-19). The DNA library control showed limited background signals. 

Also, the dye labeled aptamers showed the profile of binding to the cell membrane region where 

the cell surface protein targets are presenting. As seen in flow cytometry, some bright dead cells 

are full of dye labeled aptamer molecules. 
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Figure 2-18. Flow cytometry results of molecular aptamers binding specifically to SCLC cells. 
SCLC cells, NCI-H69 and NSCLC cells, NCI-H661 were incubated with FITC-
labeled aptamers and ssDNA library. Aptamer binding was restricted to SCLC cells. 
As the cells are different, different flow cytometry parameters were used. 
Comparisons can only be made between the library and the aptamer for each type of 
cell. The dominant peak refers to the binding of aptamer with SCLC cells. A second 
peak with high fluorescence signal was also observed, which represents the 
population of dead cells. 

Since the morphology of small cell lung cancer cells studied here are mostly cell aggregates, the 

fluorescence images only shows the cells on the focal plane, and is not able to show the three-

dimensional structure. However, the three-dimensional fluorescent image can be obtained by the 

accumulation of continuous images of different focal planes as shown in Figure 2-20. These 

results further confirmed the binding of aptamers selected from cell based SELEX to the target 

cells.  
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Figure 2-19. Fluorescence confocal imaging of TAMRA labeled aptamer binding to small cell 
lung cancer cells. SCLC cells, NCI-H69, were incubated with TAMRA-labeled 
HCH07 aptamer and ssDNA library. The fluorescent dye-labeled aptamers bind to the 
surface of SCLC cells as determined by confocal imaging at 60 and 20 X 
magnification. Only background fluorescence was observed on cells incubated with 
fluorescent dye-labeled ssDNA library due to nonspecific binding. 

Identification and Characterization of Aptamers 

As shown by both flow cytometry and fluorescence confocal imaging, aptamer HCA12, 

HCC03, HCH07, and HCH01 can specifically bind to the target cells, small cell lung cancer 

NCI-H69. None of them can bind to the control cells, non-small cell lung cancer NCI-H661. We 

also analyzed the secondary structures of these aptamers to check if they have any possible 

interaction with the protein targets. Generally, aptamers with certain stable secondary structures 

such as hair-pin structure have more chances to bind with proteins than those with unstable 

secondary structures. 

Aptamer

Library

60X 20X

60X 20X
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Figure 2-20. Z axis imaging of different focal planes of SCLC cells bound with TAMRA labeled 
aptamer. 

OligoAnalyzer 3.1 software (Integrated DNA Technology) was used to analyze the secondary 

structures. Figure 2-21 shows the predicted secondary structures of selected aptamers HCA12, 

HCC03, HCH07, and HCH01. It is observed that all aptamers can form very complicated 

secondary structures, which may help build up the interaction between aptamers and proteins. 
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Figure 2-21. Computer software simulated secondary structures of aptamers HCA12, HCC03, 
HCH07, and HCH01. 

In addition, individual aptamers were tested with saturation analysis to measure the relative 

binding affinities to their target proteins on cell surface. As depicted in Figure 2-22 (A), the 

traditional Kd determination method for receptor/ligand system was adapted in a few aspects to 

accommodate the aptamer/cell system. The binding signal of DNA library to the cells was used 

in this case as background to be subtracted from the total binding signal of aptamers, resulting in 

the actual aptamer binding curve. In the saturation analysis experiments, cells were first 

incubated with FITC labeled aptamers at 4ºC for 30 minutes, washed three times with 400 µL 

washing buffer, and finally re-suspended in 400 μL binding buffer containing 20% FBS (to 

minimize the non-specific binding of DNA to cell surface). Cells were then assayed using flow 

cytometry. Concentrations of FITC labeled aptamers for the relative affinity measurements 

varied from 0 to 1 µM. The FITC labeled ssDNA library was used to determine nonspecific 
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binding. The mean fluorescence intensity of aptamer bound cells (nonspecific binding of DNA 

library subtracted) was used to calculate bound aptamer fraction at different concentrations. All 

affinity measurements were performed in triplicate. The results are described as mean ± s.e.m. 

The equilibrium dissociation constants (Kd) were obtained by fitting the cell surface binding data 

of aptamers to a one-site saturation model as shown in Figure 2-22 (B) with SigmaPlot 9.0 

(Jandel Scientific).  

 
 

Figure 2-22. Saturation analysis of aptamers. A) Principle of saturation analysis. Cells were 
analyzed using flow cytometry. The mean fluorescence intensity of aptamers bound 
with cells (nonspecific binding of DNA library subtracted) was used to calculate 
bound aptamer fraction at different concentrations. The FITC labeled ssDNA library 
was used to determine nonspecific binding. B) Saturation analysis result of aptamer 
HCC03.Concentrations of FITC labeled aptamers for the relative affinity 
measurements varied from 0 to 1 µM. All affinity measurements were performed in 
triplicate. The results are described as mean ± s.e.m. The equilibrium dissociation 
constants (Kd) were obtained by fitting the cell surface binding data of aptamers to a 
one-site saturation model with SigmaPlot 9.0. The apparent Kd obtained in this 
experiment is considered to be higher than the accurate Kd due to the error brought in 
by dead cells. 
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All the selected aptamers were found to have high affinity with equilibrium dissociation constant 

in the nanomolar range (Table 2-1). These obtained Kds are apparent Kds as the binding data in 

this case is from aptamers bound with proteins on cell surface. In addition, the poor viability of 

small cell lung cancer cells makes it difficult to obtain accurate Kd values because the dead cells 

in cell population contain some nonspecific DNA that can’t be eliminated. However this effect 

can be minimized to an acceptable level and will not affect the use of these aptamers. The 

accurate Kds of these aptamers can be obtained later by using the purified target proteins for 

aptamer binding. 

Table 2-1: Equilibrium dissociation constant of selected SCLC aptamers 
Aptamer sequence name Kd (nM) 
HCA12 ~97 nM  
HCC03 ~123 nM 
HCH07 ~38 nM 
HCH01 ~157 nM 
 
Enzyme Analysis of Aptamers 

In addition to the Kd characterization of developed aptamers, their putative cell surface 

targets were examined by enzymatic treatment to further verify the binding of aptamers to SCLC 

cell surface markers. Before the aptamer binding, cells were first treated by 2 different types of 

protein digestion enzymes: trypsin and proteinase K. If the target proteins are truly on the cell 

surface, they will be destroyed by the enzyme treatment, and will no longer be able to bind with 

aptamers. In the experiments, 1×106 Cells were washed with 1 ml of PBS, and treated with 200 

µL of 0.05% trypsin/0.53 mM EDTA in HBSS (Fisher Biotech) or 0.1 mg/mL proteinase K 

(Fisher Biotech) in PBS at 37ºC for 2 minutes. FBS was then added to quench the enzyme 

activity. After washing with binding buffer, the cells were analyzed for aptamer binding with 

flow cytometry and confocal imaging as described before. As shown in Figure 2-23 (A), after the 

treatment of cells with trypsin or proteinase K, diminished binding of aptamers to SCLC cells 
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was observed by flow cytometry in both cases. We saw the same trend under confocal 

microscopy, only small amount of fluorescent aptamers retained on enzyme treated cell surfaces 

(Figure 2-23 (B)). These results suggested that selected aptamers indeed bind to target molecules 

on cell membrane, and these discovered SCLC cell surface markers can be affected by protease. 

Minimal Binding Motif Study 

We successfully selected some aptamers for small cell lung cancer cells by using cell based 

SELEX technique. These aptamers have such great specificity and affinity, that they may be used 

as molecular probes for diagnosis or escort molecules for targeted drug delivery. However, they 

may need further optimization and modification before use in vivo. The aptamers generated in 

our experiments contain 71 bases including two 18-base long primer binding sites and one 35-

base long randomized region. Both primer binding sites and central region may be involved in 

the formation of secondary structure, but this may not be necessary. 

We decided to seek for the key region of the full length aptamers, which is essential to the 

binding with protein. We expected to get shorter aptamers with full binding ability. There are 

several advantages for this study. First, long sequences usually result in low yield and high cost 

for DNA synthesis while short sequences are more amenable for various applications. Second, 

the affinity and specificity can be further improved by optimizing the sequences at some key 

regions. Third, less important region in the sequences can be used for conjugation with 

functional molecules or replacing with enzyme resistant artificial nucleotides such as locked 

nucleic acid. In addition, reduced size may increase the tissue penetration rates in vivo. To study 

the minimal binding motif of RNA aptamers, people previously used RNase footprinting and 

partial hydrolysis.[125-128] For DNA aptamers, partial fragmentation approach was used to 

determine the minimal binding motif.[129]  
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Figure 2-23. Aptamer target protein studies with protease treatment. A) Flow cytometry results 
of atpamer binding to small cell lung cancer cells with/without trypsin and proteinase 
K. B) Fluorescence confocal imaging results of aptamer binding to small cell lung 
cancer cells without trypsin treatment, and with trypsin treatment.  

In our study, computer algorithm was used to predict the secondary structure of the 

aptamer sequences. Based on these structures, several nucleotides were cut off from the ends of 
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the aptamer sequences that are not involved in forming critical structures such as hair-pin 

structure. The truncated aptamers were then synthesized for testing the binding ability with cells. 

We kept cutting the nucleotides from the aptamer sequences until the truncated aptamer lost the 

binding ability. The rest part of the aptamer then can be reasoned to be the minimal binding 

motif. As an example, the full sequence of aptamer HCH07 is 

TACCAGTGCGATGCTCAGGCCGATGTCAACTTTTTCTAACTCACTGGTTTTGCCTGAC

GCATTCGGTTGAC. The most stable predicted secondary structure based on free energy 

change (∆G) contains one hair-pin structure and one extra loop as shown in Figure 2-24. We then 

synthesized different truncated versions of the aptamer. Structure without loop 2 

(ACCAGTGCGATGCTCAGGCCGATGTCAACTTTTTCTAACTCACTGGT) and structure 

without loop 1 (TTTGCCTGACGCATTCGGTTGAC) were tested with cells for binding, 

respectively. Both shortened structures lost binding ability completely as shown in Figure 2-24. 

It seems that both loop1 and loop 2 participated in the forming of critical structure for binding to 

cell surface protein targets. Only the full length aptamer HCH07 can perform the binding in this 

case.  

Different than HCH07, aptamer HCA12, 71mer (TACCAGTGCGATGCTCAGGTGGA 

TTGTTGTGTTCTGTTGGTTTTTGTGTTGTCCTGACGCATTCGGTTGAC) can be shortened 

and modified to structure with perfect stem base pairing, 63mer(GACCAGTGCGTCAGGTGG 

ATTGTTGTGTTCTGTTGGTTTTTGTGTTGTCCTGACGCACTGGTC) without losing the 

binding ability as shown in Figure 2-25. In addition, the binding affinity of the aptamer was even 

improved by artificially creating perfect stem base pairing. With this result, we concluded that 

the hair-pin structure of HCA12 is critical to cell binding and the shortened HCA12 can fully 

replace the original aptamer selected from cell based SELEX. 
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Figure 2-24. Minimal binding motif study of aptamer HCH07. The full length aptamer HCH07 
has a hair-pin structure with an extra loop. Truncated aptamers all lost binding ability 
to cells as tested by flow cytometry. 
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Figure 2-25. Minimal binding motif study of aptamer HCA12. The full length aptamer HCA12 
has a hair-pin structure with some small loops in the stem region. The aptamer was 
shortened and modified by removing the small loops and adding perfect base paring 
in stem region. The binding ability was retained by the shortened aptamer. 

Competition Study of Selected Aptamers 

In order to further confirm that the selected aptamers can bind to target cells specifically, 

we designed and performed competition experiment. The principle of competition experiment is 

to have 2 species compete with each other for binding with target cells. The two competitors 

were labeled with two dyes with different colors, or one was labeled and the other was non-

labeled. From the competition experiment results we can tell whether the probe can bind to the 

target. In the experiments, FITC and TAMRA labeled aptamer HCH07 were prepared. And non-

labeled HCH07 was used as the competitor. First, target cells were incubated with dye labeled 

aptamers, and prominent binding can be observed. For comparison, target cells were incubated 
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with 100X excess non-labeled aptamer before incubated with dye labeled aptamers. As shown in 

Figure 2-26, the dye labeled aptamers couldn’t compete off the non-labeled aptamers, which 

suggested that aptamer HCH07 did bind to the target cells specifically. 

 
 

Figure 2-26. Flow cytometry and fluorescence confocal imaging results of competition study of 
aptamer HCH07. 100X excess non-labeled aptamers were incubated with target cells 
before incubation with dye labeled aptamers.  

Conclusions 

We have developed a panel of aptamer probes with specificity to SCLC cells by using cell 

based SELEX. SCLC was chosen as the model system for its worst prognosis among all lung 

cancer subtypes. The molecular differences among different types of cells resulted in the 

evolution of specific aptamer probes. Aptamers developed in this way specifically recognize 

SCLC cells, whereas NSCLC cells are not recognized. The target molecules of these aptamers 

are therefore reasoned to be preferentially expressed in SCLC. The interaction between aptamers 

and their target molecules were further characterized and confirmed. We found that aptamers 

were indeed binding to their target molecules on cell surface, and this interaction could be 
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affected by treating cells with protease. Moreover, it was proved that cell based SELEX strategy 

can be used as an effective tool to select molecular probes for specific SCLC recognition. The 

method can be used for both cell suspensions as previously demonstrated and cell aggregates, the 

typical morphology of SCLC. 
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CHAPTER 3 
VALIDATION OF APTAMERS FOR LUNG CANCER RECOGNITION 

Introduction 

Early detection and local therapy are believed to reduce the overall mortality related with 

lung cancer, especially SCLC by halting or reversing the progression of premalignant lesions at 

early stage. Although various imaging based methods have been described for early detection, 

most of these methods delivered limited effect on the cancer mortality due to their relatively low 

sensitivity. To improve this situation, molecular approaches were exploited for early detection by 

detecting specific molecular markers. However, these molecular-marker based techniques also 

showed unsatisfactory results. For example, among more than 100 monoclonal antibodies for 

SCLC and NSCLC, none of their antigens are exclusively expressed in SCLC samples.[130] 

Therefore, the antibodies used for lung cancer early detection do not have the specificity, and 

may cross react with normal, mildly atypical, moderately atypical exfoliated epithelial cells, and 

even normal bronchial epithelium. Additionally, the availability of antibodies is limited to those 

characterized in previous studies. 

By using the new established cell based SELEX approach, we developed aptamers that 

show great specificity for SCLC but not NSCLC. These aptamers were generated based on the 

molecular differences between the two subtypes of lung cancer. Although these aptamers show 

great potential for real clinical applications, they are required to be further validated with more 

different samples and various assay formats. After the validation, the specificity of these 

aptamers needs to be further studied to check whether it would eventually prevent cross-

reactivity and generate fewer false positives in actual early detection tests.  

In this chapter, the selected aptamers were tested with different lung cancer samples 

ranging from cultured cancer cell lines to clinical samples. Their usefulness in different assay 
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formats was evaluated, including flow cytometry, fluorescence confocal imaging, and tissue 

arrays. In addition, the function of aptamers in complex biological environment was also 

assessed. 

Methods and Materials 

Chemicals and Reagents 

DNA synthesis reagents and DNA labeling reagents (FITC phosphoramidite and TAMRA 

phosphoramidite) were purchased from Glen Research (Sterling, VA). Ammonium hydroxide, 

TEAA, ethanol, and solvents for DNA synthesis and HPLC purification were purchased from 

Fisher Scientific. Formaldehyde, agarose, PBS buffer were purchased from Fisher Biotech. All 

other chemicals were purchased from Sigma–Aldrich and Fisher Scientific.  

In flow cytometry experiments, washing buffer was prepared by dissolving glucose (4.5 

g/L), MgCl2 (5 mM), and bovine serum albumin (1 mg/mL) in Dulbecco’s PBS (pH 7.3). Yeast 

tRNA (0.1 mg/mL) was added in washing buffer to prepare binding buffer to minimize the 

nonspecific binding effect. 

Sodium heparin stabilized human whole blood (IPLA-WB1) was purchased from 

Innovative Research, Inc.  

Cell Culture 

NCI-H69 (small-cell carcinoma), NCI-H146 (small-cell carcinoma), NCI-H128 (small-cell 

carcinoma), NCI-H661 (large-cell carcinoma), NCI-H23 (adenocarcinoma), NCI-H1385 

(squamous-cell carcinoma), CCRF-CEM (T-cell acute lymphoblastic leukemia), and Ramos (B-

cell human Burkitt’s lymphoma) cells were purchased from American Type Culture Collection 

(ATCC), and maintained at 37ºC and 5% CO2 in RPMI 1640 medium supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) and penicillin–streptomycin (100 IU/mL). IMEA 

(liver cancer) and BNL (liver cancer) cells were obtained from the Department of Pathology at 
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the University of Florida. All cells were cultured in 75 cm2 cell flasks. To use cell aggregates for 

binding experiments, mechanical method and non-enzymatic dissociation reagent were used to 

break the cell aggregates to single cells for easy handling and minimizing the multi-cell effect on 

binding results. To use adherent cells for binding experiments, non-enzymatic dissociation 

reagent was used to detach the cells.  

Cell Blocks and Tissue Arrays 

Cultured SCLC and NSCLC cell lines were processed into homogeneous cell blocks to 

evaluate the binding of aptamers to fixed cells. All cell blocks were prepared in the University of 

Florida Diagnostic Reference Laboratories. 10×106 cells grown in culture were first prepared as 

cell suspension in minimal amount of medium (adherent cells were detached by trypsin-EDTA 

treatment first). Cells were then fixed with 4% formaldehyde, and mixed with 1% agarose in 

isoosmotic PBS. The solidified cell blocks were cut into serial sections and processed on 

paraffin-embedded slides. Prepared cell blocks were stained with hematoxylin and eosin (H&E) 

for quality control. 

Tissue arrays were purchased from US BioMax. Lung small cell carcinoma tissue array 

(LC802) contains 35 different small cell lung cancer samples with 2 replicates, 2 tumor adjacent 

normal and 3 non-malignant normal lung samples with 2 replicates, total 80 cores on one slide. 

Lung carcinoma multi-tissue combined tissue array (LC803) contains various lung cancer 

samples including 80 different small cell lung cancer and non-small cell lung cancer samples, 

total 80 cores on one slide. 

Flow Cytometry 

To test the binding of aptamers with various cancer cells including small cell lung cancer, 

non-small cell lung cancer, leukemia, and liver cancer, FITC labeled aptamers and library were 

incubated with 1×106 cells in 400 µL binding buffer at 4ºC for 30 minutes. Cells were then 

http://www.biomax.us/tissue-arrays/Lung/LC802�
http://www.biomax.us/tissue-arrays/Lung/LC802�
http://www.biomax.us/tissue-arrays/Lung/LC802�
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washed twice and analyzed by flow cytometry. Flow cytometry was performed on a FACScan 

cytometer controlled by CellQuest software. The binding of selected aptamers to SCLC cells, 

NSCLC cells, leukemia cells, and liver cancer cells was analyzed by the WinMDI 2.9 software. 

Fluorescence Confocal Imaging 

The staining of cell blocks and tissue arrays by selected aptamers was evaluated by 

fluorescence confocal imaging. Fluorescence confocal imaging was performed on a Fluoview 

500/IX81 inverted confocal scanning microscope system (Olympus). A 5-mW, 543-nm He-Ne 

laser was used as excitation source for TAMRA dye. The objective used for imaging was a 60× 

oil-immersion objective (PLAPO60XO3PH) with a numerical aperture of 1.40 (Olympus). A 

20× objective with a numerical aperture of 0.7 (Olympus) was also used for imaging of large 

field. Images were taken after a five to ten second period during which the instrument was 

focused to yield the highest intensity from the fluorescence channels.  

Array Scanning 

For staining of cell blocks and tissue arrays, slides were first treated with xylene and 

ethanol (100%, 95%, and 70%) for deparaffinization. For antigen retrieval, the dried cell blocks 

and tissue arrays were rinsed with PBS and kept in 1 mM EDTA Tris buffer (pH 8.0) at 95ºC for 

15 minutes. Cell blocks and tissue arrays were then incubated with 200 µL of 0.25 µM TAMRA 

labeled aptamers in binding buffer at 4ºC for 30 minutes. After washing and dehydration, the 

stained slides were mounted for evaluation. Aptamer stained cell blocks and tissue arrays were 

analyzed by array scanning and by confocal imaging. For the array scanning, the stained slides 

were scanned into a computer with a microarray scanner (2100 BioAnalyzer, Agilent) at 10 μm 

scan resolution, and analyzed using Agilent G2567AA Feature Extraction software (v.9.1).  
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Results and Discussion 

Validation of Aptamers with Various Cancer Cells 

Several aptamers for small cell lung cancer were identified by using cell based SELEX. 

Before tested with clinical samples, their specificity needs to be further proved. Thus, we 

assessed the applicability of developed aptamer probes to other cultured SCLC cell lines (i.e., to 

validate the target molecules of developed aptamers as exclusive markers for SCLC). NCI-H146 

and NCI-H128 were chose for validating aptamers for small cell lung cancer. These two cell 

lines have similar cell characteristics as NCI-H69, the target cell used in cell based SELEX. 

FITC labeled aptamers HCA12, HCC03, HCH07, and HCH01 were tested with these two cell 

lines by flow cytometry. Almost all the aptamers can specifically bind to these small cell lung 

cancer cells. These results indicate that selected aptamers have consistent binding pattern to all 

small cell lung cancer cells (Table 3-1).  

In contrast to SCLC, two cultured NSCLC cells lines including NCI-H23 

(adenocarcinoma) and NCI-H1385 (squamous cell carcinoma) of the same category as large cell 

carcinoma (the one used as control cell in cell based SELEX), were also tested with selected 

aptamers by flow cytometry. All these NSCLC cells did not respond to the selected aptamers 

except one case (aptamer HCH07 bound to NCI-H23) (Table 3-1). From the above results, the 

selected aptamers did show great specificity for all small cell lung cancer cells in addition to the 

one used in cell based SELEX experiment. 

Moreover, other cancer types including two leukemia cell lines (CCRF-CEM, T cell acute 

lymphoblastic leukemia; Ramos, B cell human Burkitt’s lymphoma) and two liver cancer cell 

lines (IMEA and BNL) were also tested with selected aptamers by flow cytometry. None of them 

could be recognized by these aptamers in most cases (Table 3-1). Interestingly, the aptamer that 

bound to adenocarcinoma NCI-H23 is also able to recognize liver cancer cell lines. 
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Table 3-1: Tests of developed aptamers with cultured cancer cell lines 
Cultured cancer cell lines Receptors HCA12 HCC03 HCH07 HCH01 
NCI-H69 (small cell 
carcinoma) 
 
 

IGF II + + + + 

NCI-H146 (small cell 
carcinoma, bone marrow) 
 
 

IGF II - + + + 

NCI-H128 (small cell 
carcinoma, pleural effusion) 
 

N/A + + + + 

NCI-H661 (large cell 
carcinoma, lymph node) 
 
 

N/A - - - - 

NCI-H23  
(adenocarcinoma) 
 
 

PDGF; TGF; 
EGF - - + - 

NCI-H1385 (squamous cell 
carcinoma, lymph node) 
 
 

N/A - - - - 

CCRF-CEM (T cell acute 
lymphoblastic leukemia) 
 

N/A - - - - 

Ramos (B cell human 
Burkitt’s lymphoma) 
 
 

N/A - - - - 

IMEA (liver cancer) 
 
 
 

N/A - - + - 

BNL (liver cancer) N/A - - + - 
 

Considering these cell lines were not used as control cell in cell based SELEX, there is still a 

chance for some of the selected aptamers to recognize them by the same target molecule SCLC 

has. This type of cross-reactivity is expected to be minimized by adding additional negative 
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selection criteria to cell based SELEX. Therefore, we concluded that the selected aptamers have 

specificity for small cell lung cancer, but not for non-small cell lung cancer and other types of 

cancer. 

Cell Block and Tissue Array Tests 

Besides the tests with live cancer cells, it is also interesting to see whether the aptamers 

developed from live cells can recognize fixed cells, which is the main assay format for 

retrospective analysis of preserved specimens such as sputum and biopsy in early detection 

studies. This will be useful for histological examination in the clinical diagnosis of lung cancer. 

We started with formalin-fixed, paraffin-embedded cell blocks and then tested commercial 

available tissue microarrays of clinical lung cancer samples (Figure 3-1).  

 
 

Figure 3-1. Cell blocks and tissue microarrays used for lung cancer aptamer validation. 

First, formalin-fixed, paraffin-embedded cell blocks from SCLC and NSCLC samples 

were processed. Before the preparation of these cell blocks, the cells were tested with aptamers 
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by flow cytometry for quality control. TAMRA dye labeled aptamers were synthesized and used 

for slide staining experiments. After incubation with fluorescent dye labeled aptamers, washing, 

and dehydration, stained slides were mounted for array scanning and confocal imaging. Both the 

array scanning and confocal imaging results (Figure 3-2) showed that binding of aptamer probes 

was specific to all SCLC cell blocks including NCI-H69 (used as target cells in cell based 

SELEX) and NCI-H146. Only background level binding existed for NSCLC cell blocks 

including NCI-H661 (used as control cells in cell based SELEX) and NCI-H23. These data 

indicate that specific recognition of cell blocks by aptamers is dependent on the presence of cell 

surface markers, which are still biochemically active after fixing cells. 

 
 

Figure 3-2. Specific binding of molecular aptamers to formalin-fixed, paraffin-embedded SCLC 
cell blocks. Sections of formalin-fixed SCLC and NSCLC cells embedded in paraffin 
were stained with TAMRA labeled aptamer and analyzed by array scanning and 
confocal imaging at 20× magnification. TAMRA labeled ssDNA library was used as 
a control. 
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As shown in magnified confocal microscopy image (Figure 3-3), most aptamers bound to 

the periphery of target cells. This binding pattern is similar to that observed in the tests of live 

cells, and further confirmed that aptamers indeed bound to their target molecules on fixed cells. 

 

 

Figure 3-3. Recognition of SCLC fixed cells and live cells by fluorescent dye labeled aptamer. 
Fluorescent aptamer stained SCLC cell block shows similar binding pattern to live 
cells by magnified confocal imaging (60× magnification). Note the binding of 
fluorescent dye labeled aptamers to the periphery of fixed SCLC cells.  

After we successfully proved the binding of selected aptamers with fixed cells in cell 

blocks, we moved to test the tissue microarray made from clinical lung cancer samples. Based on 

the positive results of cell block experiments, we expected to observe that the selected aptamers 

can distinguish the clinical sample in the format of tissue microarray. Commercially available 
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lung small cell carcinoma tissue microarrays containing 40 cases with duplicated cores per case 

were used for staining experiments with TAMRA dye labeled aptamers. Among the 40 cases, 35 

cases are small cell lung carcinoma, 2 are tumor adjacent normal sample, and 3 are non-

malignant normal lung tissue. The tissue microarrays were stained with dye labeled aptamers 

using the similar protocol as cell blocks, and analyzed by both array scanning and fluorescence 

confocal imaging. From the scanning results (Figure 3-4), we saw clear difference reflected by 

fluorescence signals between the same tissue microarrays stained with aptamer and DNA library. 

The tissue microarray stained by dye labeled aptamers showed statistically higher fluorescence 

signal than the tissue microarray stained by non-specific DNA library. Most of the cores on the 

positive slide showed strong fluorescence except the normal lung tissue cores used as controls on 

the same slide. In contrast, the cores on the negative slide maintained low level of average 

fluorescence signal, explained as not recognized by the DNA library. 

 
 

Figure 3-4. Aptamer staining of tissue microarrays. Lung small cell carcinoma tissue microarrays 
were stained with TAMRA labeled aptamer and TAMRA labeled DNA library. 
Stained arrays were analyzed by array scanning. Lung small cell carcinoma tissue 
microarrays contain 40 cases with duplicated cores per case. Among the 40 cases, 2 
are tumor adjacent normal sample and 3 are non-malignant normal lung tissue (top 
row), 35 cases are small cell lung carcinoma (from 2nd – 8th row).  

LC802t: Lung small cell carcinoma tissue microarray
stained with TAMRA labeled atpamer HCH07

LC802t: Lung small cell carcinoma tissue microarray
stained with TAMRA labeled DNA library

A7, A8A7, A8

E7, E8 E7, E8

Low

High
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 Even on the same slide, different cores showed different response to the aptamer staining. 

For example, core A7 (A8) had very high fluorescence signal after stained with aptamer while 

almost no fluorescence signal could be seen after stained with DNA library. But for core E7 

(E8), they showed similar response to both aptamer and DNA library. The details of these cores 

on the tissue microarray were examined by fluorescence confocal imaging (Figure 3-5). As we 

can see, the core A7 (A8) (top) contains fixed small cell lung cancer cells binding with TAMRA 

labeled aptamers that give out strong fluorescence signal. In contrast, the cells in core E7 (E8) 

(bottom) were not stained or stained at a very low level. This is probably due to the subtle 

pathological difference between these two small cell lung cancer samples. It is well known that 

patients with even the same type of cancer may have very different clinical presentations. The 

selected aptamers may not have the ability to tell these subtle molecular differences at this time. 

However, these selected aptamers have the ability to distinguish some clinical cancer samples 

and the aptamers are suitable for the assay format of tissue microarray.  

 
 

Figure 3-5. Fluorescence confocal imaging of core A7, A8 and core E7, E8 stained with 
TAMRA labeled aptamer. The left panel is the cell morphology pictures of core A7, 
A8 and core E7, E8 provided by Biomax.  

A7, A8

E7, E8
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Clinical Sample Tests 

After the demonstration of aptamers on tissue microarray, we assessed the sensitivity and 

specificity of the aptamers for their ability to detect cancer cells in clinical sample from SCLC 

patient. SCLC patient samples were obtained from the Diagnostic Reference Laboratories at the 

University of Florida. The cells were washed and counted before experiments. Small cell lung 

cancer cells mixed with bone marrow from cancer patient were washed with binding buffer and 

incubated with FITC labeled aptamers. After washing, the cells were analyzed by flow cytometry 

as described before. Substantial change in fluorescence intensity was noticed in the SCLC patient 

sample after incubating with dye labeled aptamers, indicating that aptamers developed for 

cultured cells are able to recognize the cancer cells from SCLC patients (Figure 3-6).  

 
 

Figure 3-6. Recognition of SCLC cells in patient sample (T06-06195) with aptamers. Clinical 
samples from SCLC patient (T06-06195) were incubated with either FITC labeled 
ssDNA library or FITC labeled aptamers (HCC03, HCH01, and HCH07). Samples 
were then analyzed by flow cytometry. SCLC cells were identified in patient sample 
by aptamer probes. Flow cytometry results were shown in both dot plot format and 
histogram format. 
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For sample T06-06195, small cell lung cancer cells could be recognized by aptamer HCC03, 

HCH01, and HCH07. 

In another patient sample (T6165), small cell lung cancers were also able to be recognized 

by aptamer HCA12 and HCH07 in the mixture with bone marrow and various blood cells, as 

shown in Figure 3-7. These results demonstrated the applicability of the selected aptamers to 

clinical samples, the prerequisite for successful detection of SCLC patient cells in complex 

biological matrix by the aptamers. 

 

 

Figure 3-7. Recognition of SCLC cells in patient sample (T6165) with aptamers. Clinical 
samples from SCLC patient (T6165) were incubated with either FITC labeled ssDNA 
library or FITC labeled aptamers (HCA12 and HCH07). Samples were then analyzed 
by flow cytometry. SCLC cells were clearly identified in patient sample by aptamer 
probes. Flow cytometry results were presented in cell density format.  
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Detection of Lung Cancer Cells in Whole Blood 

In addition to the tests with clinical samples, we sought to determine whether aptamers can 

retain the ability to specifically recognize SCLC cells in the human blood environment, another 

criterion for aptamers to be applied in clinical tests. To evaluate the binding capacity of aptamers 

in complex biological environment, 2×106 SCLC cells were prepared and mixed with 3.5 µL 

human whole blood (IPLA-WB1, Innovative Research, Inc.) in 300 µL of buffer. Human whole 

blood was prepared by mixing with the anticoagulant, sodium heparin. 100 µL of 1 µM FITC 

labeled aptamers was added to SCLC cells spiked in human whole blood. After incubation at 4ºC 

and thorough washing, the binding of aptamers to SCLC cells in blood was assessed by flow 

cytometry. For controls, human whole blood and cells in buffer were incubated with aptamers 

and analyzed by flow cytometry. Background binding of aptamers to blood cells was negligible. 

In the mixture, the SCLC cells were gated out for data processing as shown in Figure 3-8, 

because the binding signal of small amount SCLC cells could be overwhelmed by the enormous 

amount blood cells. The processed flow cytometry data showed that the aptamers still can 

recognize the target cells in the blood (Figure 3-8). 

Conclusions 

Our expanded screening results showed that the aptamers generated for certain SCLC cell 

line are able to recognize other SCLC cell lines of the same type, but seldom bind to other 

subtypes of lung cancer as well as other types of cancer (e.g., leukemia and liver cancer). This 

suggests that the developed aptamer probes have the potential to be used practically with clinical 

samples. In addition, the aptamers developed from live cells can also recognize fixed cells, the 

main assay format for retrospective analysis of preserved specimens in early detection study, as 

well as histological examination in clinical diagnosis of lung cancer. Notably, these aptamers 

exhibited the same specificity for cancer cells from SCLC patients as they did with cultured 
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cells. In the complex biological environment such as human whole blood, this specific binding 

ability of aptamers was not compromised. These results indicate that developed aptamer probes 

could be practically used in clinical tests. 
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Figure 3-8. Flow cytometry data processing of aptamer binding to small cell lung cancer cells in 
human whole blood. Flow cytometry data processing (gating) and gated flow 
cytometry data of aptamer bound small cell lung cancer in blood were shown. 

  



 

99 

 

 
 

Figure 3-9. Recognition of SCLC cells in whole blood with molecular aptamers. In human whole 
blood, blood cells were incubated with FITC labeled aptamer and ssDNA library as a 
control for specificity. SCLC cells in buffer were incubated with FITC labeled 
aptamer and ssDNA library to compare with SCLC cells in whole blood as a positive 
control. The binding of aptamer to SCLC cells in human whole blood was also 
assessed. Circled regions are live SCLC cells. Aptamer retains the specificity to 
SCLC cells in human whole blood as determined by flow cytometry. No interference 
from blood cells was observed. 
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CHAPTER 4 
EXTRACTION AND DETECTION OF LUNG CANCER CELLS WITH APTAMER 

CONJUGATED NANOPARTICLES 

Introduction 

After we successfully validated the usefulness of the aptamers selected from cell based 

SELEX, we continued to establish novel platforms for aptamer based assays and applications. 

One of the applications is using aptamer to detect and capture the trace amount of cancerous cells 

in human blood or other types of body fluid. In some types of cancers such as ovarian cancer and 

lung cancer, small amount of malignant cells will disseminate to different organs along with the 

blood stream, and these circulating cells may serve as the indicator of early stage cancer that is 

more curable than late stage cancer. For example, during the early stage of lung cancer, 

malignant lesions begin to shed circulating cells. Encoding valuable information for prognostic 

prediction, these exfoliated cells should be of great value for early lung cancer diagnosis. 

Previously, the enrichment and detection of rare exfoliated cells were mainly performed by flow 

sorting and immunomagnetic cell sorting, which suffered from low sensitivity and specificity.[131, 

132] To evaluate the potential of the selected aptamers for early lung cancer detection, we 

prepared aptamer conjugated magnetic nanoparticles and aptamer conjugated fluorescent 

nanoparticles to isolate, enrich, and detect rare SCLC cells with a method previously established 

in our lab.[133] This method involves the use of two types of aptamer-conjugated nanoparticles. 

The magnetic nanoparticles assists the capturing and extraction of target cells while the 

fluorescent nanoparticles help identify the cells captured by magnetic nanoparticles. This 

strategy is shown in Figure 4-1. This strategy not only provided a fast and easy way to isolate 

and detect the small amount cancer cells of interest with great sensitivity, but also improved the 

specificity by having two different binding events simultaneously. Only those cells binding with 
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both magnetic and fluorescent nanoparticles will be identified in the sample. The non-specific 

binding of DNA to cells can be significantly reduced by this approach. 

 
 

Figure 4-1. Scheme of extraction and detection of lung cancer cells with aptamer conjugated 
nanoparticles. In the assay, the magnetic (red) and fluorescent (green) nanoparticles 
bind to the target cell at the same time. Then a magnetic field is applied to immobilize 
the magnetic nanoparticles bound with the target cells and fluorescent nanoparticles 
while the unbound cells and fluorescent nanoparticles are washed away. 

Methods and Materials 

Cell Culture 

NCI-H69 (small-cell lung carcinoma), NCI-H128 (small-cell lung carcinoma), and NCI-

H661 (non-small cell lung carcinoma) cells were purchased from American Type Culture 

Collection (ATCC), and maintained at37ºC and 5% CO2 in RPMI 1640 medium supplemented 

with 10% heat-inactivated fetal bovine serum (FBS) and penicillin–streptomycin (100 IU/mL). 

All cells were cultured in 75 cm2 cell flasks. Before the experiments, small cell lung cancer cell 

aggregates were treated with mechanical method and non-enzymatic dissociation reagent to 
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break the cell aggregates to single cells for easy handling and minimizing the multi-cell effect on 

binding results. Adherent cells were treated with non-enzymatic dissociation reagent to detach 

the cells. 

Aptamer Synthesis 

DNA library and aptamer HCH07 were synthesized and modified with various functional 

groups for conjugation with nanoparticles in our experiments. The sequences are as following: 

DNA library: 

5’TACCAGTGCGATGCTCAGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

CTGACGCATTCGGTTGAC3’  

Aptamer: 

5’TACCAGTGCGATGCTCAGGCCGATGTCAACTTTTTCTAACTCACTGGTTTTGCCTG

ACGCATTCGGTTGAC3’.  

DNA library and aptamers were all synthesized in house on ABI 3400 DNA/RNA 

synthesizer (Applied Biosystems, Foster City, CA) using solid-state phosphoramidite chemistry 

at 1 µmol scale. Amine modified and biotinylated DNA library and aptamer were synthesized 

using 3’end modified phosphoramidite CPG or 5’ end on/off column conjugation method. 

Once the synthesis was completed, the DNA was deprotected and cleaved from the solid 

support. The resulted product was then subjected to two times of reverse phase HPLC (RP-

HPLC) purification process on a ProStar HPLC (Varian, Walnut Creek, CA) with a C18 column 

(Econosil, 5u, 250 × 4.6 mm) from Alltech (Deerfield, IL) and optimized elution gradient in 0.1 

M TEAA solution. The HPLC-purified product was then dried, trityl group deprotected, and re-

suspended in water for quantification. Quantification was done by measuring the UV/Vis 

absorbance on a Cary Bio-300 UV spectrometer (Varian, Walnut Creek, CA). A 1 cm path 
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length square quartz cuvette was used for absorption measurements. Then the product was 

titrated and suspended in buffer for experimental uses. 

Fluorescent Nanoparticle Synthesis 

For the synthesis of aptamer conjugated fluorescent nanoparticles, TAMRA dye doped 

nanoparticles were first prepared by the reverse microemulsion method as previously 

described.[133] Tetramethylrhodamine (TMR) doped nanoparticles were synthesized with the 

following approach: TMR SE was dissolved in DMSO at a concentration of 5 mg/mL, and 3-

aminopropyltriethoxysilane (APTS) was added at a molar ratio of 1.2:1(APTS: dye). The APTS 

was allowed to react with the amine reactive dye for 24 h in the dark with shaking prior to 

synthesis of the particles. Glass reaction vessels and Teflon-coated magnetic stir rods were 

washed with 1 M NaOH solution for 30 min, rinsed with DI water and ethanol, and allowed to 

dry. This wash step was performed to clean the glass vessel and stir rods and smooth the inside 

surface of the glass vessel, which prevents unwanted seeding and NP formation. After 

conjugation, 4.19 mL of ethanol was mixed with 239 μL of ammonium hydroxide solution in the 

reaction vessel. A 36 µL volume of TMR-APTS conjugate was added to the reaction vessels, 

yielding 3.44 × 10-7 mol of dye/reaction (ratio of 2300 mol of silica/mole of dye). A 177 µL 

volume of TEOS was added rapidly to the reaction mixture, and the vessels were sealed. The 

reaction was allowed to proceed for 48 hours in the dark before the particles were recovered by 

centrifugation at 14000 rpm. The particles were washed three times with phosphate buffer to 

remove any dye molecules that are weakly bound. The synthesis method was found to 

reproducibly produce fluorescent nanoparticles with average particle size of 50 nm ± 5 nm with a 

monomodal distribution, as measured by a Honeywell UPA 150 dynamic light scattering 

instrument. After silica polymerization and stabilization treatment with TEOS, the dye doped 
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nanoparticles were coated with avidin as detailed below. Avidin coated dye doped nanoparticles 

were further conjugated with excess biotinylated DNA aptamers and ssDNA library. 

Magnetic Nanoparticle Synthesis 

For the synthesis of aptamer conjugated magnetic nanoparticles, the 65-nm iron oxide 

doped magnetic nanoparticles were first prepared by precipitating iron oxide as previously 

described.[133] The iron oxide core magnetic nanoparticles were prepared by means of 

precipitating iron oxide by mixing ammonia hydroxide (2.5%) and iron chloride at 350 rpm 

using a mechanical stirrer (10 minutes). The iron chloride solution contains ferric chloride 

hexahydrate (0.5 M), ferrous chloride tetrahydrate (0.25 M), and HCl (0.33 M). After three 

washes with water and once with ethanol, an ethanol solution containing ~1.2 % ammonium 

hydroxide was added to the iron oxide nanoparticles, yielding a final concentration of ~7.5 

mg/mL. The magnetite core particles were then coated with silica by the hydrolysis of 

tetraethoxyorthosilicate, and treated with TEOS. To create the silica coating for the magnetite 

core particles, 200 µL tetraethoxyorthosilicate was added, and the mixture was sonicated for 90 

minutes to complete the hydrolysis process. For post coating, an additional aliquot of 10 µL 

TEOS was added and additional sonication was performed for 90 minutes. The resulting 

nanoparticles were washed three times with ethanol to remove excess reactants. 

Conjugation of Aptamers with Nanoparticles 

The prepared fluorescent and magnetic nanoparticles were then further modified with 

functional groups to react with DNA library and aptamers. We used the avidin/biotin strategy for 

the conjugation of aptamer with nanoparticles. After washing the synthesized nanoparticles, 

avidin coating was performed by incubating 0.1 mg/mL nanoparticle solution with 5 mg/mL 

avidin solution at 4ºC for 12 hours. The avidin coated nanoparticles were then washed with PBS, 

and stabilized by crosslinking with 1% glutaraldehyde at 25ºC for 1 hour. After washing with 
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Tris-HCl buffer, the 0.2 mg/mL avidin coated nanoparticles were incubated with excess 

biotinylated DNA aptamers and ssDNA library at 4ºC for 12 hours. The prepared aptamer 

conjugated nanoparticles were washed and stored at a final concentration of 0.2 mg/mL for 

magnetic nanoparticles and 10 mg/mL for fluorescent nanoparticles at 4ºC for use. 

Fluorescence Confocal Imaging 

Detection of target cells captured by magnetic nanoparticles and illuminated by fluorescent 

nanoparticles was performed on an Olympus IX-81 automated fluorescence microscope with a 

Fluoview 500 confocal scanning unit. The TMR dye doped nanoparticles were excited at 543 nm 

and collected at 570 nm. Images were taken after a five to ten second period during which the 

instrument was focused to yield the highest intensity from the fluorescence channels.  

Plate Reader Measurements 

Fluorescence measurements were also performed by plate reader in our lab. A Tecan Safire 

Microplate Reader was used to measure the fluorescence in a 384 well small volume plate. 20 µL 

aliquots from each sample were deposited in each well and the fluorescence signals in each well 

at defined wavelengths were measured at a constant gain at 5 nm slit widths. TMR dye doped 

nanoparticles were excited with 550 nm light source and the emission was collected at 575 nm.  

Results and Discussion 

Aptamer Conjugated Nanoparticle Assay Development 

We successfully synthesized both fluorescent and magnetic nanoparticles using the 

previously developed methods. The nanoparticles were then functionalized with aptamers on the 

surface. The extraction and detection assay using aptamer conjugated fluorescent and magnetic 

nanoparticles was first tested for proof of concept. The key step in this experiment is to assure 

that the aptamer conjugated nanoparticles truly bind to the target cells, but not control cells, and 

the nanoparticle bound cells can be extracted and identified in the assay. To demonstrate this 
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method, small cell lung cancer NCI-H69 and non-small cell lung cancer NCI-H661 were used as 

the model system using the following described protocol, and analyzed by confocal imaging and 

plate reader.  

For every experiment, 1.0×105 cells were prepared and dispersed in 200 µL of cell media 

buffer. The specified amount of aptamer conjugated magnetic and fluorescent nanoparticles was 

then simultaneously added to the cell suspension. After 30 minute incubation and washing, cells 

were isolated from cell media buffer by magnetic extraction, and recovered in 20 µL of buffer 

for confocal imaging and fluorescence measurement. A 2 µL aliquot of the extracted sample was 

assessed by confocal imaging as described before. The rest of samples were then added to 96-

well plate, and the fluorescence of dye doped nanoparticles bound to extracted cells was 

measured by a plate reader. Figure 4-2 (A) shows a representative confocal image of extracted 

target cells which are illuminated by fluorescent nanoparticles. In contrast, Figure 4-2 (B) shows 

the results of the control cells after the extraction. 

The confocal imaging results showed clear difference of amount of cells extracted between 

the target cells and control cells. This assay can extract large amount of target cells while only a 

few control cells got extracted. In addition, these control cells carry no or very low fluorescent 

signal, which means that they were nonspecifically binding to magnetic nanoparticles, and not 

binding to fluorescent nanoparticles. Therefore, the advantage of using two types of aptamer 

conjugated nanoparticles in one assay can prevent the false positive results in an effect way, 

which is important in real clinical practice. 
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Figure 4-2. Confocal images of extracted target cells. A) Target cells after incubation with 
aptamer conjugated magnetic and fluorescent nanoparticles. B) Control cells.  

Characterization of Extraction and Detection Assay 

After successfully demonstrated the proof of concept, we continued to test more samples 

and characterize the assay results. Small cell lung cancer NCI-H69, NCI-H128, and non-small 

cell lung cancer NCI-H661 were tested separately with aptamer conjugated magnetic and 

fluorescent nanoparticles. ssDNA library conjugated magnetic and fluorescent nanoparticles 

were used for control experiments. The spiked tumor cells were first incubated with aptamer 

conjugated magnetic and fluorescent nanoparticles. Magnetic nanoparticle bound cells were then 

isolated by magnetic separation. After recovery, we measured the fluorescence of the dye doped 

nanoparticles, which also bound to the isolated cells through aptamers. Whereas two different 

types of SCLC cells were effectively isolated and detected, the extraction of NSCLC cells was 

inefficient (Figure 4-3). Additionally, low background fluorescence signal was observed in the 
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control experiment using DNA library conjugated nanoparticles, suggesting that nonspecific 

extraction of tumor cells is rare with this method. 

0

20

40

60

80

100

120

Aptamer/MNP/NP-TAMRA

Lib/MNP/NP-TAMRA

NCI-H
66

1

NCI-H
66

1

NCI-H
12

8

NCI-H
12

8

NCI-H
69

NCI-H
69

  

Re
la

tiv
e 

flu
or

es
ce

nc
e 

in
te

ns
ity

 o
f c

el
ls 

ex
tra

ct
ed

 b
y 

ap
ta

m
er

 lin
ke

d 
na

no
pa

rti
cle

s

 
 

Figure 4-3. Extraction and detection of SCLC cells for enrichment and early diagnosis with 
aptamer conjugated magnetic/fluorescent nanoparticles. Same amount of the spiked 
SCLC (NCI-H69 and NCI-H128) and NSCLC (NCI-H661) cells were incubated with 
aptamer conjugated magnetic and fluorescent nanoparticles. Aptamer bound cells 
were subsequently isolated by magnetic separation. Total extracted cell amount after 
magnetic separation was determined by measuring the fluorescence signal of dye 
doped nanoparticles that also bind to cells. Aptamer conjugated nanoparticles 
effectively extracted SCLC cells but not NSCLC cells (cyan). ssDNA library 
conjugated nanoparticles were used in control experiments and showed only limited 
non-specific extraction of tumor cells (yellow). 

Effective enrichment and detection of SCLC cells were verified by confocal imaging 

results, which showed that the extracted tumor cells were indeed binding to aptamer conjugated 

nanoparticles (Figure 4-4). Moreover, the dye doped nanoparticles confer great sensitivity to the 

detection of extracted tumor cells. Therefore, this aptamer conjugated nanoparticle approach 
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demonstrated its capability to enrich and detect rare lung cancer cells, which is critical for early 

diagnosis of lung cancer. 

 
 

Figure 4-4. Confocal imaging of cells extracted by aptamer conjugated nanoparticles and ssDNA 
library conjugated nanoparticles. Extraction and detection of SCLC cells with this 
aptamer based approach were verified. 

To further confirm that the aptamer conjugated nanoparticles truly bind to the cells, we 

examined the binding details with confocal imaging, and compared the binding pattern of 

nanoparticles with cells to that of aptamers only with cells. Figure 4-5 shows that the aptamer 

conjugated nanoparticles bind to the target cell surface in a similar way as the dye labeled 

aptamers bind to the target cell surface. In contrast, no binding can be observed for DNA library 

and DNA library conjugated nanoparticles. These results again confirmed the effectiveness of 

this extraction and detection assay using magnetic and fluorescent nanoparticles.  

Conclusions 

In this study, we tested aptamers for possible application in lung cancer early detection, 

particularly enrichment and detection of exfoliated tumor cells, by using aptamer conjugated 

magnetic nanoparticles and fluorescent nanoparticles. The high affinity and great specificity of 

aptamers resulted in effective extraction of SCLC cells by magnetic separation, and the dye 

doped nanoparticles provided the sensitive detection after cell extraction. Thus, the aptamer 
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conjugated nanoparticle strategy may substantially improve the efficiency of detecting 

circulating tumor cells; thereby potentially benefit the early detection of lung cancer. 
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Figure 4-5. Comparison of binding pattern with target cells between dye labeled aptamer and 

aptamer conjugated nanoparticles. Dye labeled library and library conjugated 
nanoparticles were used as control. 
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CHAPTER 5 
APTAMER-PCR ASSAY FOR CANCER CELL DETECTION USING APTAMERS FROM 

CELL BASED SELEX 

Introduction 

During the past few decades, the rapid development of molecular sensing systems has 

resulted in diversified platforms for both basic biomedical studies and advanced bioanalytical 

applications. Generally, molecular sensing systems are composed of molecular recognition 

elements and signal transduction mechanisms. To achieve specific detection, different biological 

molecular recognition elements have been exploited, among which aptamers are more applicable 

than others for the design of bioanalytical sensors and can be developed for almost any target 

molecules. For example, the aptamers developed from cell based SELEX have great specificity 

and affinity for various cancer cells. Aptamers are easily synthesized, and are suitable for 

biomedical applications in undesirable conditions.  

Meanwhile, effective diagnosis, therapy, and prevention of diseases require the 

understanding of diseases at the molecular level. Particularly for the diagnosis of cancer, 

accurate and simple assays are indispensable. Assays currently used for cancer diagnosis are 

mostly based on genetic characteristics instead of proteomic characteristics, and are complicated 

and insufficient for clinical practices. For example, detection of mRNA copies of cancerous gene 

is a widely used way for cancer diagnosis. Regardless of its high sensitivity, it is very difficult to 

quantify the amount of the rare cancer cells in the sample, which is very important for early 

diagnosis of certain types of cancer. Also, it requires additional pre-treatment procedure to 

isolate mRNA from cancer cells, which is time consuming. Recently, novel assays targeting 

cancer related proteins were developed. Immuno-PCR assay is an assay based on antibody 

recognition of cancer biomarker proteins. It has comparable sensitivity as real-time PCR 
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detection of mRNA. However, this method requires the conjugation of antibody with reporter 

DNA sequences, and this assay is limited by the lack of well-defined cancer biomarker proteins 

and specific antibodies to recognize and identify them. In addition, it is difficult to quantify the 

cancerous cells because this assay is mainly targeting excreted proteins other than the cells.  

By using the aptamers developed from cell based SELEX, we developed a novel assay for 

detection and quantification of rare cancer cells. In this aptamer-PCR assay, the aptamers 

purposely selected for certain cancer cells showed great specificity as well as sensitivity with the 

help of certain signal transduction mechanisms such as real-time PCR and proximity dependent 

ligation reactions. The aptamers are not only the binders but also the reporters in this assay. They 

bind to the cancer cell surface and serve as the signaling molecules in the real-time PCR 

reaction. The aptamer bound cancer cells can be easily quantified in this way. It is simple and no 

pretreatment procedure is required. More importantly, for any type of cancer cells of interest, 

aptamers can be readily developed and used for this assay. This advantage from cell based 

SELEX significantly improved the applicability of this assay. Previously, it was very challenging 

to discover enough cancer biomarker proteins for detection purposes due to the limits of current 

biomarker discovery techniques, even though cancer diagnosis by recognition of molecular 

signatures is relatively simple and direct. Now with the help of this efficient and reliable method 

to develop specific aptamer probes for cancer biomarkers without prior knowledge, the new 

assay is expected to exhibit its potential in real application of cancer diagnosis. 

Methods and Materials 

Cell Culture 

CCRF-CEM (T-cell acute lymphoblastic leukemia), and Ramos (B-cell human Burkitt’s 

lymphoma) cells were purchased from American Type Culture Collection (ATCC), and 

maintained at37ºC and 5% CO2 in RPMI 1640 medium (ATCC) supplemented with 10% heat-
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inactivated fetal bovine serum (FBS) and penicillin–streptomycin (100 IU/mL). Both cells were 

cultured in 75 cm2 cell flasks. Cell amount was determined using a hemocytometer before 

splitting and experiments. Cells were generally splitted 2 to 3 times every week by centrifugation 

at 850 rpm for 3 minutes to remove the old medium, and re-dispersed in aliquots of new medium. 

For experiment uses, the cells were kept on ice after above treatment. 

Chemicals and Reagents 

Reagents used for aptamer synthesis were purchased from Glen Research (Sterling, VA). 

DNA labeling reagents were purchased from Molecular Probes and Glen Research. All other 

chemicals were purchased from Sigma–Aldrich and Fisher Scientific.  

Washing buffer was prepared by dissolving glucose (4.5 g/L), MgCl2 (5 mM), and bovine 

serum albumin (1 mg/mL) in Dulbecco’s PBS (pH 7.3). Yeast tRNA (0.1 mg/mL) was added in 

washing buffer to prepare binding buffer to minimize the nonspecific binding effect. 

Real-time PCR reagents were purchased from Bio-Rad. SYBR green was purchased from 

Molecular Probes. Restriction enzyme and ligase were purchased from New England Biolabs. 

Aptamer Synthesis 

DNA library and aptamer SGC8 were synthesized and modified with various functional 

groups for specific experiments. Unlabeled primers were synthesized for real-time PCR 

reactions. The sequences are as following: 

DNA library: 

5’ATACCAGCTTATTCAATTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNAGATAGTAAGTGCAATCT3’  

Aptamer: 

5’ATACCAGCTTATTCAATTAGTCACACTTAGAGTTCTAACTGCTGCGCCGCCGGGAAA

ATACTGTACGGTTAGATAGTAAGTGCAATCT3’ 
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Primers: 5’-primer (5’ATACCAGCTTATTCAATT3’); 3’-primer 

(5’AGATTGCACTTACTATCT3’) 

Aptamer SGC8 (88mer) with Kd of 0.80 nM selected in cell based SELEX against CCRF-

CEM cells was used as lead probe in the experiment selecting paired aptamers for proximity 

dependent ligation reaction. Based on the minimal binding motif study results, a shortened 

version of SGC8 (61mer) with Kd of 0.62 nM was used in place of the full length SGC8. To 

serve as lead probe, it was extended with a 10 base spacer and 18 base hybridization region 

including Apa I enzyme recognition site.  

Lead probe: 

5’ACACTTAGAGTTCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGATAGTAA

GTGC3’  

ssDNA library used for paired aptamer selection contains a randomized sequence of 35 

bases, a 10 base spacer, a 18 base hybridization region for lead probe/forward primer binding 

site, a reverse primer binding site, as well as a 8 base coding region. 

 ssDNA library: 

5’TGTTCTGGGCCCTTCGTGAAAAAAAAAATTACCTTANNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNCTATCCGCTCGCATACTC3’ 

A fluorescein isothiocyanate (FITC) labeled 5’-primer (5’FAM-

TGTTCTGGGCCCTTCGTG3’); and a triple biotinylated (trB) 3’-primer (5’trB- 

GAGTATGCGAGCGGATAG3’) were used in the PCR reactions for the amplification of 

double-labeled DNA molecules.  

DNA library, aptamers, and primers were all synthesized in house on an ABI 3400 

DNA/RNA synthesizer using solid-state phosphoramidite chemistry at 1 µmol scale. The 
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synthesized product was then subjected to two times of reverse phase HPLC (RP-HPLC) 

purification process on a ProStar HPLC with a C18 column (Econosil, 5u, 250 × 4.6 mm) and 

optimized elution gradient in 0.1 M TEAA solution. The HPLC-purified product was then dried, 

trityl group deprotected, and re-suspended in water for quantification. Quantification was done 

by measuring the UV/Vis absorbance on a Cary Bio-300 UV spectrometer. A 1 cm path length 

square quartz cuvette was used for absorption measurements. Then the product was titrated and 

suspended in buffer for experimental uses. 

Real-time PCR Reaction 

To quantify the amount of aptamers bound with target cells, they were examined by real-

time PCR reaction. After carefully washing off non-specific binding sequences, the specific 

binding sequences were collected and run real-time PCR together with standard samples. 

Standard samples contain a series of dilutions of DNA with known concentrations. Because the 

starting quantity of template DNA in real-time PCR is proportional to the PCR threshold cycles, 

the amount of target cell bound aptamers can be calculated by comparing with standard curves. 

In our experiments, we used iTaq DNA polymerase (Bio-Rad) and a MyiQ real-time PCR 

system (Bio-Rad) for real-time PCR experiments. SYBR green (Molecular Probes) was used for 

the detection of PCR products by intercalating into double stranded DNA product of PCR 

reaction.  

Proximity Dependent Evolution of Paired Aptamers 

Lead probe SGC8 and ssDNA library were synthesized on the ABI DNA synthesizer and 

purified by reverse phase HPLC. Denatured PAGE was used to further purify the lead probe and 

ssDNA library to minimize the interference of impurity to hybridization product and SELEX. 

The purified lead probe and ssDNA library were denatured at 95ºC for 10 minutes and cooled 
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down to 37 ºC immediately. After that, the hybridization of lead probe with ssDNA library was 

performed by mixing 1:1 ratio of two components in 1×PBS at 37ºC for 30 minutes. 

After incubation of lead probe/ssDNA library with target cells, the complex was washed 

with modified NEB 4 buffer in which restriction enzyme Apa I had 100% activity at 25ºC (50 

mM potassium acetate, 50 mM sodium chloride, 20 mM Tris-acetate, 10 mM magnesium 

acetate, 1 mM DTT, 0.1 mg/mL BSA, pH 7.9). Excess amount of restriction enzyme Apa I 

obtained from New England Biolab was added to cell suspension after wash. During 1 hour 

incubation at 25ºC, the 5’-GGGCCC-3’ restriction enzyme recognition site embedded in the 18 

base pair hybridization region will be specifically recognized and cleaved. Thereby, those 

ssDNA molecules with low affinity to the target protein of lead probe sgc8 can be washed off 

after the linkers between them and lead probes are cleaved. Only those aptamer candidates with 

very high affinity to the target protein will retain with lead probes. After washing with ligation 

buffer (50 mM Tris-HCl, 100 mM sodium chloride, 10 mM magnesium chloride, 10 mM DTT, 1 

mM ATP, 0.025 mg/mL BSA, pH 7.5), the sticky ends generated by previous restriction 

cleavage of hybridization complex of lead probes and aptamers were ligated at the presence of 

excess amount of T4 DNA ligase (New England Biolab) at 16ºC for 30 minutes. After selection, 

aptamers still bound with target cells were amplified by PCR and processed to perform next 

round of selection. The binding abilities of selected new aptamer as well as resulted aptamer 

pairs were screened with flow cytometer. Thereafter, the highly enriched library will be cloned 

and sequenced. New selected aptamers are then synthesized, hybridized with lead probes, and 

tested with target cells using FRET based proximity dependent assay to confirm the 

simultaneous binding of two aptamers with same target protein.  
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Principle of Aptamer-PCR Assay 

To make use of the aptamers selected for the cancer cells using cell based SELEX, we 

developed a novel assay format involving both the aptamer and real-time PCR techniques to 

detect the rare cancer cells which exfoliated in body fluid such as peripheral blood. With this 

assay format, any kind of target cells can be detected since the aptamers can be readily 

developed for these cells using cell based SELEX.  

This assay does not require any modification of the aptamers for them to report the 

existence of target cells. The aptamers are allowed to bind to their target proteins on the surface 

of cancer cells, similar to the flow cytometry assay. After washing off weak binding or non-

specific binding sequences, the specific binding aptamers are collected for real-time PCR 

reaction. Meanwhile, samples with known amount of DNA are tested together with unknown 

sample, serving as standard samples to help determine the amount of specific binding aptamers. 

Compared with previously reported cancer cell detection techniques that relies on tumor 

specific gene identification (Figure 5-1), the new aptamer-PCR assay has several advantages. 

First of all, this method allows the quantification of the detected cancer cells. Unlike in the gene 

detection assay, the samples can be analyzed without pre-treatment such as target cell isolation 

by antibody modified magnetic beads. Other treatments including cell lysis and mRNA 

extraction are not required as well. The process is much easier in the case of aptamer-PCR assay, 

including only 3 steps: binding, washing, and real-time PCR. The easy procedures and simple 

instrumentation make it possible to develop the standard protocol. In addition, the specificity of 

this technique may be greatly improved if multiple aptamers are available, which can be easily 

achieved by cell based SELEX. 
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Figure 5-1. Comparison of cancer cell detection by tumor specific gene identification and cancer 
cell detection by tumor specific aptamer based real-time PCR quantification. 

Detection and Quantification of Cancer Cells by Aptamer-PCR Assay 

To demonstrate this aptamer-PCR assay, we started with the leukemia cells spiked in 

buffer as the model system. CCRF-CEM (T-cell acute lymphoblastic leukemia) was used as 

target cell, and Ramos (B-cell human Burkitt’s lymphoma) was used as control cell. We chose 

aptamer SGC8 (88mer) as the probe to detect the target cells in this system. Aptamer SGC8 was 

developed by cell based SELEX and has a Kd of 0.80 nM. It shows great specificity for CEM 

cells but not for Ramos cells. In this assay, the aptamer SGC8 was allowed to bind to the target 
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protein PTK7 (protein tyrosine kinase 7) on the surface of CEM cells. After washing off non-

specific binding DNA, the specific binding aptamers were analyzed by real-time PCR reaction. 

In order to determine the amount of specific binding aptamers on cell surface, we run a series of 

standard samples with known concentrations together with the sample to be detected in real-time 

PCR. Because the starting quantity of DNA template in real-time PCR is proportional to the 

threshold cycle, the amount of specific binding aptamers can be calculated by comparing it with 

the standard curve from known samples as demonstrated in Figure 5-2. 

Before the experiments, we synthesized the aptamer SGC8 and library. To test the binding 

ability, the synthesized aptamers and library were first modified with biotin. The biotinylated 

aptamer and library were then allowed to bind with target cells and control cells. After washing, 

the cell/aptamer complex was further incubated with straptavidin modified FITC dye to give out 

the binding signals. This signal transduction mechanism was used because only non-fluorescent 

DNA is allowed in real-time PCR reaction. In real-time PCR reaction, only fluorescent signals 

allowed are from the intercalating dye such as SYBR green that emits fluorescence signals when 

bind to double stranded DNA. As shown in Figure 5-3, the synthesized aptamer SGC8-biotin 

possesses great binding ability for the target CEM cells, compared with the background binding 

of library-biotin. Both SGC8 and library show low background binding signals against control 

RAMOS cells. The results confirmed the quality of the synthesized aptamer and library control 

for the assay. 

In order to perform the real-time PCR reaction and determine the amount of specific 

binding aptamers bound to cell surface, we prepared standard samples of different 

concentrations. Dilutions of SGC8 with copies ranging from 1012 to 101 were prepared as 

standard samples for SGC8. These standard samples were run together with unknown samples in 
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PCR reaction, and used to derive the standard curve for determination of aptamer amount in 

unknown samples. We also prepared the same standard samples for DNA library because the 

DNA sequence compositions are different for DNA library than for the SGC8 that has an 

individual sequence.  

 

 

Figure 5-2. Standard curve of real-time PCR for calculating the amount of specific binding 
aptamers in aptamer-PCR assay. 
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Figure 5-3. Flow cytometry results of aptamer SGC8 and library bound to CEM and RAMOS 
cells. During experiments, SGC8-biotin and library-biotin were first allowed to bind 
with target cells and control cells. Cells were washed and then incubated with 
straptavidin-FITC. The resulted SGC8-biotin/straptavidin-FITC and library-
biotin/straptavidin-FITC were then analyzed by flow cytometry. Straptavidin-FITC 
only was incubated with cells as negative control. 

Due to the heterogeneous population of DNA library, the PCR efficiency of DNA library is 

different than that of SGC8. This difference of PCR efficiency eventually affects the 

determination of the starting quantity in PCR reaction. For quality control purpose, a negative 

control not containing any DNA was used in all the experiments to assure no contamination in 

reagents. 

To perform the binding experiments, the aptamer SGC8 and library were incubated with 

CEM and RAMOS cells. The cell amount varied from 106 to 101 for both target cells and control 

cells. However, the amount of DNA for incubation was fixed for different cell samples, so that 

the binding of aptamers to cells was always saturated. The final amount of binding aptamer 

sequences on cell surface after washing was expected to be proportional to the amount of cells in 
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every sample. After incubation, the cells were thoroughly washed and heated to elute the binding 

sequences for real-time PCR reactions. Same amount of different samples were added into the 

PCR cocktail mixture containing the SYBR green dye. The PCR mixtures of different samples 

were put into individual wells of a 96-well PCR plate with the layout shown as in Figure 5-4. 

 

 

Figure 5-4. Sample layout of real-time PCR reaction. Same amount of aptamer SGC8 and library 
were incubated with different amount (106 to 101) of target cell (CEM) and control 
cell (Ramos). Standard samples of SGC8 and library were prepared to containing 
DNA copies ranging from 1012 to 101. Negative control with no DNA template was 
included. 

All the samples were analyzed by real-time PCR reactions and the fluorescence signals 

were recorded and processed by MyiQ software (Bio-Rad). The florescence signals of standard 

samples and unknown samples were recorded separately and processed before overlay for 

analysis (Figure 5-5). The baseline signal was optimized by software to derive the threshold 

cycle number. A standard curve of threshold cycle numbers Vs. Log starting quantity copies was 
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generated and fit to give an equation. DNA copies in unknown samples were then calculated 

using this equation.  

 

 

Figure 5-5. Real-time PCR results of standard DNA samples and unknown amount of specific 
binding aptamer SGC8 sequences for CEM cells. Amount of aptamer SGC8 
sequences bound to different amount (106 to 101) of target cells (CEM) were 
recorded. Standard samples of SGC8 ranging from 1012 to 101 copies were also 
recorded. Negative control with no DNA template was included. 

The starting quantity of DNA sequences in each well was calculated as mentioned above 

and listed in Table 5-1. The results showed that the amount of binding aptamer sequences was 

proportional to the amount of cells started with in the experiments. Thus, the amount of cells in 

unknown samples could be determined based on this data. Unlike the aptamers, the DNA library 

showed no significant difference between different amounts of cells. The DNA library data could 

be subtracted from the aptamer data as background in the real application of this assay. Although 
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the assay successfully demonstrated its capability of detecting cancer cells using aptamer and 

real-time PCR technique, the sensitivity of this method was limited to 104 cells. As shown in 

Table 5-1, samples with cell quantity below 104 could not be distinguished from each other, only 

those samples containing more than 104 cells could be successfully detected and quantified. This 

limitation may be an important challenge for the application of this assay to real patient samples 

because patient samples usually contain rare amount of exfoliated cancer cells. To improve the 

assay sensitivity, we may introduce a signal amplification mechanism as well as reduce the 

background signal resulted from non-specific binding of DNA molecules. 

Table 5-1: Copy numbers (Log) of specific binding aptamers on different amount of cells 
Cells 106 105 104 103 102 

CEM/SGC8 8.5 7.7 4.7 4.7 4.5 
CEM/LIB 5.8 5.4 4.6 4.5 4.1 

 

Development of Paired Aptamers for Ultra-Sensitive Aptamer-PCR Assay 

As we discussed in previous session, the aptamer-PCR assay has the ability to detect and 

quantify the large amount of cancer cells, generally more than 104 cells. Although the real-time 

PCR reaction allows the quantification of cell binding aptamers, the non-specific amplification 

of PCR technique is the main cause of high background signal in aptamer-PCR assay. Any non-

specific binding DNA molecules could be amplified by PCR reaction and counted as the signal 

of specific binding aptamers. Although the background signal can be reduced to some extent by 

using a DNA library, it cannot be completely solved. The detection limit of aptamer-PCR assay 

can be further improved by either amplifying the signal or reducing the background. Methods 

such as rolling-circle PCR could be the choice to amplify the signal. However, it may need to 

change the whole assay platform. Recently, proximity-dependent DNA ligation assays were 

developed to achieve ultra-sensitive detection of proteins with higher sensitivity than immuno-
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PCR, rolling-circle PCR, and imunodetection amplified by T7 RNA polymerase. Proximity-

dependent DNA ligation assay improves the assay sensitivity mainly by reducing the background 

binding signal. We then introduced the mechanism of proximity-dependent DNA ligation to the 

aptamer-PCR assay to improve the assay sensitivity. 

The general idea of proximity dependent ligation mechanism is to generate signal by 

binding of different epitopes of same target molecule with a set of two proximity probes. Linked 

aptamer probes that bind to same cell surface biomarker will result in decreased dissociation rate, 

which can give rise to higher sensitivity. However, aptamers selected against pure proteins and 

complex targets often bind to single epitopes, which limits the applications of proximity 

dependent probes. Thus, we designed proximity-dependent evolution experiment to generate 

paired aptamer probes for ultra-sensitive aptamer-PCR assay of cancer cells. It is achieved by 

using a previously selected aptamer as lead probe to facilitate the binding of aptamer candidates 

in library to the same target on cell membrane.  

T-cell lymphoblast (CCRF-CEM) was chosen as the target cell. One aptamer with high 

affinity selected by cell based SELEX was used as lead probe in this experiment. By hybridizing 

to the new DNA library, the lead probes function to guide the new aptamer selection for the same 

cell surface target protein (Figure 5-6). In the first a few rounds of cell based SELEX, the 

amount of aptamer candidates is very low. Thus the chances for those aptamers with high affinity 

to bind with the target proteins are very small. The potential loss of them due to the separation 

and amplification procedures can further lower the chances. However, it can be improved by lead 

probe facilitated, site specific selection of aptamer. In addition, unlike the cell based SELEX, in 

which little information of the target protein is available before the aptamers are selected out, the 

aptamers isolated in proximity dependent evolution will only recognize the same target protein 
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of lead probe as the lead probe works as a tag to help identify the aptamer for the same target 

protein. The resulted paired aptamers may have improved affinity which should be at least two 

times higher than single aptamer probe. Synergetic or allosteric binding effect between lead 

probe and potential aptamer is also possible. Another advantage of this strategy is the capability 

of selecting multiple aptamers for one target protein instead of the one to one model in traditional 

cell based SELEX. When working together with restriction cleavage-ligation strategy as shown 

in Figure 5-6, the proximity dependent evolution can exclude the binding of aptamers with low 

affinity as well as non-specific binding, thus improve the efficiency of selection and make it easy 

to identify the aptamers with high affinity in the enriched pool.  

 

 

Figure 5-6. Proximity dependent evolution of paired aptamer probes for ultra-sensitive aptamer-
PCR assay. Lead probe hybridizes with DNA library to perform facilitated aptamer 
selection for same target protein on cell surface. 

Conclusions 

In this chapter, we described a novel assay format for rare cancer cell detection. Rare 

cancer cell detection is critical for the early diagnosis of certain types of cancer, which exfoliate 

small amount of cancer cells into blood or other bodily fluid at the early stage of cancer. This 
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aptamer-PCR assay utilizes the aptamers developed from cell based SELEX to detect the 

existence of target cancer cells, meanwhile using real-time PCR technique to quantify the 

amount of target cancer cells detected by aptamers. Compared to other approaches, this method 

is simple, accurate, and specific. With readily developed aptamers from cell based SELEX, this 

assay format can be used for any target cell of interest. This assay shows great sensitivity (>104 

cells), however it still lacks the ability to detect trace amount of target cells. To improve the 

detection limit, proximity dependent evolution experiment was designed to develop paired 

aptamers that bind to the same target protein on cell surface. With the added proximity 

dependent binding mechanism, the aptamer-PCR assay should have better sensitivity and 

specificity for cancer cell detection. 
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CHAPTER 6 
SUMMARY AND FUTURE DIRECTIONS 

Summary 

Aptamers are synthetic DNA or RNA molecules evolved from a random library of 1015 - 

1018 candidates. The binding ability of aptamers comes from their tertiary structures in the 

presence of target molecules, which derive from the combinatorial secondary structures of 

nucleic acid molecules during the systematic evolution of ligands by exponential enrichment 

(SELEX). Besides its early applications in bioanalytical chemistry as a basic molecular 

recognition element, aptamers have recently begun to be utilized in personalized disease 

diagnosis and therapy. Single stranded nucleic acid aptamers can be evolved to have high 

specificity and affinity against different disease related metabolites, biomarker proteins, and even 

whole live cells expressing a variety of surface proteins of interest. When coupled with suitable 

signal transduction mechanisms, aptamers show great potential as a new tool for biomedical 

studies.  

We recently developed some new aptamers as recognition elements to probe the molecular 

signatures of different lung cancer cells in a direct and simple manner. These molecular 

signatures expressed on live cell membranes may imply important disease mechanisms if 

validated as biomarkers. Theoretically, any molecular level variance among different types or 

subtypes of cancer cells could be revealed by a similar methodology, something that was 

impractical before. To develop such aptamer probes for molecular differences between two types 

of cancer, a methodology called cell based SELEX dealing with whole live cancer cells was 

used. This methodology is unlike previous attempts of SELEX against other complex targets. 

Another distinct aspect of this methodology is the use of a counter-selection strategy to screen 

out those aptamers binding with common target proteins expressed on the cell membranes of 
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different cancer cells. In this specific case, two different lung cancer cell lines were chosen to 

study the molecular level differences. A cultured small cell lung cancer cell line was used as a 

positive target while a cultured non-small cell lung cancer cell line was used as the negative 

control. After iterative binding with both positive and negative cell lines, a panel of aptamer 

probes became enriched, among which probes can be used either individually for bioanalytical 

applications, or together in multi-probe based assays to provide more information for 

diagnostics. 

Most of the aptamers selected by this methodology only recognized target cells and were 

not interfered by the excess of DNA library. These aptamers exhibited not only great specificity 

but also high affinity for the target cells, which ranges from sub-micromolar to sub-nanomolar. 

As the aptamers were generated against whole live cells in their native state, the clinical assays 

can be directly performed. In complicated environment, target cells were still recognized by 

aptamer probes. 

To demonstrate the widespread usefulness of these selected aptamer probes, they were 

tested for other lung cancer cell lines, which are similar to the cells used in aptamer selection, as 

well as some other types of cancer. The results showed that these aptamers recognized most 

“target cell like cell lines” and did not recognize either most “control cell like cell lines” or other 

types of cancer. It was encouraging to see that real clinical patient samples also responded to the 

aptamer probes. Thus, the capability of aptamers generated by cell based SELEX for the 

recognition of molecular differences among cancer cells was clearly demonstrated.  

We have shown that aptamers developed in this work are suitable for multiple types of 

early detection studies. First, retrospective analysis of preserved specimens could be done with 

these aptamers by using assay formats including flow cytometry and confocal imaging as 
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demonstrated in this work. Second, aptamer conjugated nanoparticles are able to isolate, enrich, 

and detect exfoliated tumor cells in peripheral blood. Third, aptamer-PCR assay can readily 

detect and quantify the cancer cells for early diagnosis. Combining the molecular recognition 

ability of aptamers with specific signal transduction mechanisms provides simple, rapid, 

sensitive, and selective assays for cancer diagnosis. 

Future Directions 

Not only can a group of aptamers selected from cell differences be used as molecular 

probes for the detection of specific disease cells, but also they can be used to purify and identify 

biomarkers, which have not been studied before the probes were generated. The developed 

aptamer probes, demonstrating high specificity and affinity to lung cancer cells, will be used to 

purify and identify the target proteins on the cell surface through affinity chromatography 

coupled with LC-MS/MS.  

The aptamer assisted biomarker discovery strategy is expected to greatly facilitate 

biomarker discovery by identifying more biologically relevant biomarkers for specific types of 

diseases and reducing the effort required for biomarker screening and biomarker validation. As 

distinct biomarkers can be discovered for specific diseases, they will eventually help achieve 

more accurate diagnoses and more effective treatments, which are essential for the goal of 

personalized medicine. It is clear that the integration of probe development and biomarker 

discovery gives rise to extra advantages resulting in a shortened time gap between laboratory 

research and clinical application. 

In the future, we will continue to work on selecting aptamers probes for other types of lung 

cancer such as non-small cell lung cancer. These aptamers could be very useful for lung cancer 

subtyping during screening [134] and planning appropriate treatment, for example, avoiding 

excessive therapy in the case of resectable NSCLC.  
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Although the benefits of using this aptamer approach for lung cancer early detection 

remains to be determined in prospective trial, it might also be able to detect pre-invasive lesions 

even before the malignant cells exfoliated when local therapy has limited effect, or indicate the 

possible relapse in early stage[135] for proper therapy to prevent it if specific cell surface markers 

can be identified eventually. In addition, this approach would provide valuable information for 

the understanding of progressive neoplastic differentiation of lung cancer during early stage. 

However, the use of aptamer for lung cancer screening and whether it can eventually reduce the 

overall mortality must first be determined in a randomized clinical trial. 

In conjunction with the further selection of aptamers, biomarker identification, and assay 

development, the development of new drugs and novel targeted drug delivery methods may be 

accelerated in the future. The proteomics presented by aptamer approach, together with 

genomics, molecular imaging, and clinical factors, will in principle achieve the molecular 

profiling of lung cancer and provide tailored treatments, and therefore realize the personalized 

medicine.[136] 

Conclusions 

With cell based SELEX technique, molecular aptamers can be readily developed for any 

cancer cells of interest without prior knowledge of cell surface marker proteins, and thus are 

more flexible and practical to use than other molecule marker based methods. It is noteworthy 

that a panel of aptamer probes for multiple cell surface differentiation markers can be developed 

by our strategy. The combination of multiple markers ultimately will be more accurate and 

predictive than single marker. An additional, notable advantage of this aptamer based approach 

is that molecular markers are recognized at their native state on living cell surfaces. The 

molecular aptamers have many advantages over other methods for early lung cancer detection in 

terms of sensitivity, reproducibility, simplicity, robustness, production, and flexible 



 

133 

modification. These merits lead to aptamers’ recruitment as one of the most desirable molecular 

recognition elements. When coupled with appropriate assay formats, aptamers show great 

potential to be used in clinical tests. In the future, the development of specific aptamer probes for 

molecular signatures of disease cells will allow us to find more biomarkers, define diseases, and 

create tailored treatment regime for more ‘‘personalized’’ medicine.
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