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Infectious diseases are a subject of public health safety. In case of events such as 

bioterrorism or food samples tainted with a disease causing bacteria or virus the standard 

traditional methods of detection of viral or bacterial detection are too slow. We have developed 

molecular probes known as “aptamers” to detect infection with high specificity and sensitivity. 

Aptamer, a word derived from Latin “aptus” meaning “to fit”; are molecular probes which 

are generated using nucleic acids which recognize and bind their target with a very high affinity 

and specificity. Aptamers are evolved in vitro in a test tube for its target. Aptamers are generated 

using a screening process known an SELEX, which stands for Systematic Evolution of Ligands 

by Exponential Enrichment. A library of 10 14 to 10 16 unique sequences is synthesized. These 

sequences are fractionated based on interactions with the target for which the aptamer is 

generated. The weaker binding sequences are weeded out after each successive round of 

incubation leaving sequences with high affinity for the target. PCR is performed after each round 

of selection. This process leads to aptamers which bind the target. The three dimensional folding 

of the aptamer around the ligand involves interactions such as hydrogen bonding and Van der 

Waals forces to provide high affinity and specificity. 
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A viral infection causes molecular change on the cell surface of the infected cell. We 

applied an infected cell-based SELEX strategy to utilize cell surface markers expressed 

differentially on vaccinia infected cells, a model for smallpox to generate a panel of aptamer 

probes. This method does not require previous knowledge of cell surface molecules. We 

successfully generated aptamers recognizing only the vaccinia infected cells. The target 

identification of the aptamer can be used as cell-surface biomarkers and be used as a diagnostic 

marker for infection. The virally encoded protein Hemagglutinin(HA) was identified as the target 

of aptamer. This aptamer was tested for various applications. The aptamer can be used to detect 

infection not only in laboratory buffers but also complex biological environment such as serum, 

plasma and even whole blood. The aptamers were tested for their antiviral properties using 

various assays but at the concentrations used in these assays we did not detect any significant 

antiviral activity.  

 We have selected aptamers for vaccinia virus infected cells, identified the target of one 

aptamer and used that aptamer for different applications. 
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CHAPTER 1 
INTRODUCTION 

Infectious Diseases 

Infectious diseases are caused by pathogenic agents, including viruses, bacteria, fungi, 

protozoa, parasites. According to the 2008 World Health Organization (WHO) world health 

report, infectious diseases account for almost 5% of total deaths worldwide. 1  Almost 90% of the 

deaths caused by infectious diseases are attributed to a few diseases like pneumonia, 

tuberculosis, diarrheal diseases, malaria and HIV/AIDS. 2  Currently we are facing a global HIV 

pandemic (a global epidemic of an infectious disease) which accounts for almost 2.6% of total 

deaths.3  Although the influenza pandemic of 1918 is estimated to have caused 25 million deaths 

in one year, 4  the greatest killer of mankind has been attributed to smallpox. 5  In an effort to 

accelerate diagnosis and treatment of infectious diseases, particularly small pox and other pox 

related infections, we propose to develop nucleic acid based molecular probes, herein referred to 

as aptamers, to specifically target pox related viruses. 

Smallpox 

 Smallpox, a disease which killed 200-500 million people in the 20th century, was declared 

eradicated via vaccination by the WHO in 1978. 6  Recent terrorist attacks have rekindled fears 

of the reintroduction of the smallpox virus into vulnerable populations which have not been 

vaccinated for the past 30 years as a potential biological weapon of mass destruction.  

History of Smallpox 

Smallpox is speculated to have originated either in Egypt or India around 3000 years ago. 

Numerous epidemics and pandemics of smallpox routinely occurred throughout history,  and the 

disease has been documented as early as  2000 years ago by Dhanwantari in India; 1500 years 

ago by Ko Hung in China and 1000 years ago by Al-Razhi in Persia.5  The introduction of 
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smallpox into naive populations of the Americas and Australia wiped out entire civilizations 

accounting for more than 50% of indigenous people of these continents. Certain cases in the 

conquest of the Americas have been accepted to be cases of intentionally spreading the disease to 

decimate the local population, in effect serving as an early example of biological warfare in 

practice. 7,8 

Cause and Clinical Course of Smallpox 

Smallpox is caused by Variola major and Variola minor viruses. Humans are the only 

reservoir as no animal or environmental source of the virus is known. 9 Transmission of the 

disease can occur via inhalation of aerosolized oral or nasal mucosa from an infected person or 

direct contact with an infected person or contaminated items. V major and V minor have 

mortality rates of 30-40% and 1-2% respectively. Smallpox has various clinical courses ordinary 

(around 80%), confluent, flat and hemorrhagic are the major clinical types.  

The latent period is 12-21 days from the day of infection. The virus enters the respiratory 

tract and is transported to local lymph nodes within 96 hrs of infection and then becomes blood 

borne.  Viremia occurs in spleen, bone marrow and lymph tissues. This stage involves some 

fever, muscle pain, headache and nausea, but is not contagious. The second viremia carries the 

virus to the skin. In the later stage of ordinary smallpox course a reddish rash called enanthema 

develops on the mouth, throat, and chest along with normalization of body temperature 2-4 days 

after fever onset. Smallpox preferentially attacks skin cells and starts forming reddish nodules 

called papules on face first and later spreads throughout the body. Papules grow to blisters within 

48 hrs and are filled with a clear liquid which gradually becomes pus-like. This is accompanied 

with a temperature increase. By 10 -13 days the pustules reach their maximum size and then start 

to dry and form scabs. These scabs fall of 30-40 days after onset of disease leaving behind the 
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characteristic smallpox scarring. The patients are contagious from the occurrence of enanthema 

until all the scabs are shed. 10-15 

Diagnosis of Smallpox 

Differentiating smallpox and chickenpox (varciella zoster) is difficult16. Smallpox may 

also be confused with other papulovesicular or maculopapular diseases.17 An accurate diagnosis 

of smallpox is very important, a false positive may set panic amongst the populace and a false 

negative may lead to a dangerous outbreak of the disease. Undisputed confirmation of smallpox 

in the laboratory is done by electron microscopy, viral culture and nucleic acid based PCR 

amplification of viral genes. 18-20 In such cases of public health importance in addition to the 

accuracy and reliability of the diagnosis the speed of confirmation is also important. Even though 

electron microscopy can reveal a confirmatory answer within an hour, the widespread use of this 

method is unlikely due to the limited availability of such an expensive instrument and lack of 

expert operators who can recognize different viruses. Visualization of the cytopathic effect of 

virus in cell-culture (viral culture method), provides an answer in days which may be too late in 

certain cases. Also in both cases, handling large number of samples in the case of a bioterror 

attack is not feasible. Real-time PCR methods are very sensitive but only detect the presence or 

absence of viral DNA in the sample and cannot distinguish between infectious and non-

infectious viral particles. Immunoassays are expensive and not sensitive for low numbers of viral 

particles. 17 We propose to generate nucleic acid based probes, known as aptamers, which will be 

specific for VV infected cells as a model because it is similar to the smallpox causing variola 

virus. The aptamer probes will detect the presence or absence of vaccinia infected cells.  

Poxviruses and Classification of Poxviruses 

Members of family poviridae can infect vertebrates, subfamily chordopoxvirinae and 

invertebrates entomopoxvirinae. Table 1-1 summarizes detailed classification of poxviruses. 



 

17 
 

Viruses belonging to genus orthopoxvirus contain most viruses which cause disease in humans 

for example, variola, vaccinia and cowpox. These are serologically related, have similar immune 

response and offer immunological cross protection. Additionally, the virions are 

indistinguishable from each other. 

The poxviridae viruses are typically brick or oval shaped with sizes ranging from 200 -400 

nm length and 140-260 nm width and height or 250-300 nm width and 160-190 nm height, with 

an axial ratio of 1.2 to 1.7 respectively. They are double stranded (ds) DNA viruses with lengths 

from 130-300 kbp encoding for 150-300 proteins. DNA replication of poxviruses occurs 

completely in cytoplasm of an infected cell at discrete sites known as virus factories.  After 

initial vaccinia virus DNA (VV DNA) synthesis, these sites become enwrapped with 

endoplasmic reticulum (ER), which is physically connected to the nuclear envelope (NE) which 

is necessary for efficient VV DNA replication.  

Poxviruses exist in different forms, but the two major forms are an intracellular mature 

virion (IMV) and an extracellular enveloped virion (EEV). EEV forms possess an extra 

lipoprotein, including glycolipids envelope absent in IMV. Certain viral proteins, such as 

hemagglutinin, are expressed on EEV only and have N and O linked glycans. 21 

Vaccinia Virus  

Vaccinia virus was the virus used for the vaccination of millions of humans to eradicate 

smallpox. Surprisingly, the natural reservoir of vaccinia is unknown. Vaccinia is closely related 

but distinct from cowpox virus. Buffalopox and rabbitpox are considered subspecies of VV. 

The VV lifecyle produces four different types of vaccinia virions at different stages during 

its replication. Each form has a different role, number of membranes and cell surface antigens. 

The four different virions are designated as IMV, Intracellular Enveloped Virus (IEV), Cell-

associated Enveloped Virus (CEV), and EEV. 22,23 
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IMV has a single membrane and remains inside the cell after maturation. Some IMVs 

acquire two additional membranes from Golgi derived cisternae. This form is an intermediate, 

intracellular enveloped virus (IEV) and functions to transfer the virus to the cell periphery and to 

fuse with the plasma membrane to form the CEV, which is attached to the outer surface of cell. 

EEV is a CEV not associated with the cell. CEV and EEV are the most infectious forms, and are 

responsible for the spread of infection.24 

Vaccinia Virus Lifecycle and Morphogenesis 

VV and its different forms enter cells using different mechanisms. The mode of entry is 

also dependent on cell types. VV completes its replication cycle in 12-24 hrs depending on the 

form of virions.22,25  The infectious form, IMV can enter cells via fusion of viral envelope with 

plasma membrane, which utilizes cell surface glycosamines for binding. 26 But the most 

productive form of entry is via a low pH dependent endosomal pathway. 27 IMVs are also known 

to utilize actin-containing protrusions for binding and entry.28 A recent paper claims that vaccinia 

can also mimic apopotic machinery and macropinocytosis to enter cells. 29  

Immediately on entry into cells, the virion associated transcriptional machinery is 

activated. A defined set of early mRNA encodes proteins that are necessary for vaccinia 

dependent replication. This process is visualized at virus factories. They start replicating viral 

DNA ~ 2 hrs post infection, which in turn initiates transcription of intermediate genes required 

for expression of late genes. This occurs at ~ 6 hrs post infection and is necessary for the 

assembly of new virions. Assembly of new virions is complex. The first assembly known as the 

immature virion (IV) involves the acquisition of a nuclear envelope containing the ER cisternae. 

Maturation of IV to IMV occurs via rearrangement of contents; 90% of virions morphogenesis 

ends here with IMVs released after cell lysis. The remaining 10% of virions are transported via a 

microtubule mediated pathway to a site where they acquire a new membrane from endosomal or 
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trans-golgi cisternae forming the IEV. The IEV then migrates to the plasma membrane using 

microtubules and fuses with it to form CEV. The CEV is pushed outside by formation of 

specialized actin tails. Each actin tail contains a single CEV at its tip releasing it to form an EEV, 

an infectious form of the virion. Vaccinia entry, transport and exit are still not completely 

understood.30 Figure 1-1 describes the VV replication cycle. 

Aptamers 

Differences at the molecular level can be exploited to generate probes which reveal this 

information. This is highly useful in numerous situations, for example, to make new materials or 

distinguish benign from cancerous tumor growth from a patient.  Currently, vacuum deposition 

and lithographic methods are used to synthesize new materials, and high throughput sequencing 

and proteomics are used to diagnose cancer. In both examples, the current methods employed are 

highly expensive. Replacing these methods with techniques involving the use of molecular 

probes is much more effective and cost efficient.  

Probes generated using nucleic acids or peptides with molecular recognition capability are 

known as “aptamers”, a word derived from Latin “aptus” meaning “to fit.”  These aptamers 

recognize a certain molecular feature and they bind their target very specifically with a high 

affinity. Aptamers are evolved in vitro to bind a target. Nucleic acid based probes include 

deoxyribonucleic acid (DNA) aptamers or ribonucleic acid aptamers (RNA), or any modified 

nucleic acids like locked nucleic acids (LNA) , L-DNA or L-RNA , 2' fluoro-, phosphothio-, 

morpholino-, oligomers, any expanded genetic alphabet nucleic acids, or peptide nucleic acids 

(PNA). This thesis will focus only on nucleic acid based aptamers.  

Antibodies evolved over millions of years in nature and aptamers over a period of few 

weeks to months in a laboratory. This evolution of aptamers in a lab was initially termed in vitro 
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selection but the acronym SELEX, meaning Systematic Evolution of Ligands by Exponential 

Enrichment, is the more popular and frequently used terminology.  

Screening of Aptamers using SELEX 

Szostack and Gold independently developed methods for selection of nucleic acid based 

aptamers in 1990. 31,32   A combinatorial library comprising of 1014 to 1016 unique nucleic acid 

sequences was chemically synthesized. Each sequence folds three dimensionally to achieve 

lowest energy state for the given condition.  These sequences are fractionated based on their 

interaction with the target. The weaker binding sequences are weeded out after each successive 

round of incubation, and the sequences with higher binding abilities, based on their affinity for 

the target, increase their percentage in the library. PCR is performed after each round of 

selection. This iterative process leads to a pool of nucleic acids that are enriched with sequences 

possessing a high affinity for the particular target. Sequencing this enriched pool identifies 

individual nucleic acid sequences present in the pool. Analysis of the sequences using multiple 

sequence alignment software programs reveal different families of aptamers based on homology. 

The individual sequences then can be synthesized chemically and tested as potential aptamer 

candidates. Aptamers can be selected against crystallographic planes33, ions34,35, small 

molecules36-38, drugs39,40, peptides41, proteins42-44, whole cells45,46, cell lysates47 and even tissue 

sections48. The flowchart in Figure 1-2 depicts the principle steps involved in SELEX. 

Aptamer-Target Molecular Recognition and Interactions 

Natural nucleic acid probes, like ribozymes, are under evolutionary pressure to achieve an 

optimum affinity and be a part of a network of biological processes. Aptamers selected in vitro 

are only under evolutionary pressure to generate high affinity binding ligands for the target. The 

aptamers selected generally enclose a major portion of their target ligand, forming the molecular 

recognition element of the probe. This 3-dimensional folding of aptamer around the ligand 
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provides numerous discriminatory interactions that result in specificity and affinity. Hydrogen 

bonding and Van der Waals forces are the major forces shown to be involved with most 

aptamers.49 Other forces such as steric hindrance, stacking, shape complimentarity and 

electrostatic interactions are also reported between aptamers and their ligands. 49,50  

Advantages of Aptamers Compared to Antibodies 

Aptamers can be considered “artificial” or “in-vitro” antibodies. Aptamers have several 

major advantages over antibodies. First and foremost, unlike antibodies, no animal sources are 

required to synthesize aptamers. Thus aptamers can be selected for many types of molecules, 

including toxins and non-immunogenic molecules, for which antibodies cannot be generated. 

51,52  Aptamers can be selected in a variety of conditions, especially for use in in vitro 

diagnostics, whereas antibodies are limited to physiologic conditions. Futhermore use of animals 

results in batch to batch variation in antibody generation as compared to the uniform activity of 

aptamers synthesized chemically.  

In addition, generating highly specific monoclonal antibodies is time consuming and 

costly.  By contrast, only increasing the number of selection rounds against the target yields 

more specific and higher affinity aptamers. Aptamers are also more resistant to temperature 

changes and can return to their original conformation, and therefore, have an unlimited shelf life, 

unlike antibodies which undergo irreversible denaturation upon a temperature insult and have a 

limited shelf life.  

Cross-reaction with other similar compounds can be averted by using a negative selection 

strategy, and an antidote (complimentary DNA) can be easily generated to reverse the activity of 

the aptamer drug, which is not possible with antibodies.53 The pharmacokinetic properties of 

aptamers can be modified more readily than antibodies. Also it is much easier to generate 
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multifunctional aptamers than multifunctional antibodies. 54 So far, there is no evidence of 

immunogenicity of nucleic acid based aptamers whereas antibodies are immunogenic. 55 

Synthesis and Modification of DNA Library and Aptamers 

Nucleic acid based aptamers are synthesized chemically by automated nucleic acid 

synthesizers. The initial combinatorial library is synthesized in one step by delivering the 

different nucleotides simultaneously.  The automated synthesis is dependent on availability of a 

nucleoside phosphoramidite of the corresponding nucleotide. There are four chemical 

modifications on the nucleoside to yield the phosphoramidite (Figure 1-3). The 3' hydroxyl 

group is modified to N, N diisopropyl phosphoramidite group. This chemical modification is 

required to generate sufficiently reactive molecules for chemical synthesis of oligonucleotides. 

All of the other functional groups of nucleosides are protected. The 5' hydroxyl group is 

protected by an acid labile dimethy trityl group (DMT). The exocyclic amino groups of the bases 

adenine, cytidine and guanine are protected by a benzoyl (Bz), acetyl (Ac) and isobutyryl group 

respectively, which are base labile. Thymidine and uridine lack of an exocyclic amine group. 

The phosphate group is protected by a base labile 2-cyanoethyl group. The phosphite group is 

protected via the acid labile diisopropyl amino group. In RNA synthesis, the 2' hydroxyl group is 

protected with the t-butyl dimethylsilyl group (TBMS) group.  

Modified nucleic acid oligomers can be synthesized using minor variations in this 

chemistry. The oligonucleotide is synthesized in a 3' to 5' direction, which is opposite of the 

natural polymerase chain reaction (PCR) based synthesis. The solid support is controlled pore 

glass beads which allow on column washing and separation. The first step involves removal of 

the DMT group with tetrachloroacetic acid (TCA) in di chloro methane (DCM) to free the 5' 

hydroxyl for a coupling reaction. Simultaneous delivery of tetrazole, which activates the nitrogen 

of phosphoramidite, and addition of the phosphoramidite of the next nucleotide, completes the 
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coupling within 30 seconds. A capping step using acetic anhydride and 1-methylimidazole 

terminates the synthesis of chains that fail to undergo coupling. Successfully coupled products 

are not capped due to the presence of a DMT group. The internucleotide linkage is converted by 

oxidation using iodine and water in presence of pyridine and tetrahydrofuran (THF), from less 

stable phosphate to a phosphotriester. After oxidation, the DMT group is removed with TCA and 

the cycle is repeated until the required olignucleotide chain is synthesized. Ammonium 

hydroxide is used to cleave the oligonucleotide and remove the phosphate protecting cyanoethyl 

group from the solid support. This solution is then heated at 65°C for an hour to remove the 

protecting groups on the exocyclic amines of the bases. 

The DNA libraries and aptamers are synthesized using an ABI 3400 DNA/RNA 

synthesizer available in the Tan lab. The efficiency of chemical synthesis is 98% per base,  

reducing the utility of the synthesizer to generate longer sequences . The product needs to be 

purified from truncated (failed) sequences which is done using reverse phase high performance 

liquid chromatography (RP-HPLC) on a C18 column. The mobile phase is a mixture of 

acetonitrile and aqueous 0.1M triethylammonium amine (TEAA). The positively charged TEAA 

ions pair with negatively charges phosphate groups of DNA, coating the DNA in a hydrophobic 

layer. The length of DNA strand determines the number of TEAA ions attached to it, which in 

turn determines the retention time of DNA. DNA is eluted in order of increasing length by 

increasing the acetonitrile gradient. The DNA is visualized in the nucleic acid absorbance range 

of 250-300nm using a photo diode array detector. Figure 1-4 shows the chemistry and steps 

involved in DNA synthesis and Figure 1-5 shows a reverse phase HPLC purification 

chromatogram of a DNA labeled with a fluorophore. 
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Phosphoramidite chemistry allows easy functionalization of the oligonucleotide sequence 

at the 3' or 5' end, or in the middle of the sequence. Functional groups, such as biotin, amino, 

thio, carboxyl, sulfhydryl and a wide array of fluorophores, can all be incorporated during the 

chemical synthesis of oligonucleotides.  

The length of the DNA library used for selection is generally kept around 100 bp as the 

synthesis of longer DNA is not efficient. The diversity of the library depends on the length of the 

random middle region. Theoretically 4n different sequences are formed for a random region of n 

bases. A smaller n value leads to smaller variation in the secondary structures available for 

selection, and limits a random region to 25-55 nucleotides with fixed regions of ~20 bases on 

each end for PCR amplification. The selected aptamer length thus varies from 70-100 bp. The 

aptamer length is later modified depending on the application of the aptamer. 

Biomarker Discovery with Aptamers 

Biomarkers 

Biomarkers can be defined as biological parameters, which are precisely determined to 

diagnose disease or monitor the progress of disease and the effects of interventions (drugs, 

surgery and vaccines). 56  Previously, biomarkers were invariably physiological parameters like 

blood pressure or heart rate. Currently, the term also encompasses molecular and cellular 

variations in response to a biological process, pathogenic process or therapeutic intervention. 

New types of molecular biomarkers can substitute for clinical responses/endpoints. For example, 

molecular cellular biomarkers such as HIV plasma viral load and CD4 cell counts were used as 

substitutes for clinical outcome like death. 57 Epigenetic changes like DNA methylation and gene 

expression analysis have been introduced in clinical practice.  Biomarkers can also aid in the 

development and evaluation of novel therapies and is of immense importance in early efficacy 

and safety evaluations, in vitro studies and in vivo animal studies. 58   
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Disease detection and health status monitoring with biomarkers is well accepted and 

increasing in popularity for patients with diseases or abnormal conditions, for example, the 

presence of high amounts of glucose in diabetes mellitus patients. Biomarkers can also be used to 

determine the stage of a disease, for example, the measurement of specific carcino embryonic 

antigen (CEA) levels helps define the cancer stage in multiple malignancies. 59-61  Classification 

of the extent of disease using biomarkers, for example, prostate specific membrane antigen 

(PSMA) in blood reflects the extent of tumor growth and metastasis. 60,62  Biomarkers are also 

used as indicators of disease prognosis, for example, anatomical measurement of tumor 

shrinkage.  They can be used for prediction and monitoring of clinical response to an 

intervention, as in using the concentration of cholesterol in blood as indicator of heart disease or 

the amount of infectious agents after intervention.  

Biomarkers can be classified into different categories based on their purpose, like disease 

biomarkers, surrogate endpoints, pharmacodynamic biomarkers, mechanism biomarkers, target 

biomarkers and toxicity biomarkers. 63  A single biomarker may not fully account for the disease 

state or prognosis, but current genomic and proteomic methods reveal a multitude of markers 

simultaneously, which leads to massive amounts of information on the particular changes in a 

diseased state without any prior mechanistic insights about the disease. 

Biomarker Discovery and Target Identification 

Biomarker discovery includes both the discovery of the candidate indicating either the 

presence of disease, extent of disease or predicting a disease, as well as validation of the 

biomarker and development of an assay. A clinical endpoint predicted by a biomarker is called 

validation. The term validation is also used for sensitivity, specificity and reproducibility (the 

performance characteristics) of an assay or a measurement.64 The presence of infectious agents, 

especially in case of persistent infections, can be validated by presence of biomarkers. This 
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indirect proof of the presence of infectious agents will be done by generating molecular aptamer 

probes, which will specifically bind infected cells. The target of the aptamer binding will reveal 

either a pathogen encoded biomolecule or host molecules unique to infected cells. In either case, 

the target of aptamer binding biomolecule is a potential biomarker for the particular pathogen. In 

our case, the candidate discovery will be molecular markers identifying the presence on viral 

infection caused by VV. We will use the SELEX methodology to generate aptamer probes, 

which upon the presence of biomarkers unique to VV infection may predict or diagnose it and 

act as a surrogate endpoint for the vaccinia infection. The SELEX process leads us to not only a 

single aptamer, but to a panel of molecular aptamer probes, which individually or together may 

indicate vaccinia infection. This panel, without the target identification of each of the aptamer 

probes individually, will not give mechanistic insight to the molecular changes reflected and 

used by SELEX to generate the panel of probes. Each aptamer will undergo a series of steps to 

identify its target, which in turn is a potential biomarker indicating vaccinia infection. The targets 

in this case are most likely to be proteins, glycoproteins or lipoproteins. The probability of small 

molecules or other biomolecules being the target is miniscule due to the nature of cell based 

SELEX. The aptamer selection process leads to candidates that bind to targets which may be 

highly antigenic, structurally unique and expressed in sufficient amount. The target identification 

can be compared to deciphering the contents of “blackbox” revealing information on the 

molecular difference between the infected and uninfected samples. 

Mass spectrometry (MS) is the workhorse for biomarker discovery and target identification 

methods. All mass spectrometers produce mass spectra, plotting mass to charge ratios of ions 

observed (x-axis) versus detected ion abundance (y axis). There are two main types of methods 

in MS known as pattern based and identity based biomarker discovery. 65 Pattern based methods 
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use surface-enhanced laser desorption ionization (SELDI), matrix assisted laser desorption 

ionization (MALDI) or electrospray ionization (ESI) methods to produce a MS derived protein 

pattern. A MS pattern achieved using high resolution and high mass accuracy is extremely high 

throughput. Thousands of components can be scanned in the same mass spectrum using 

algorithms such as MapQuant to extract data and reveal the differences in a healthy and infected 

sample.66   Even though this approach may reveal a differential pattern, this may not be as useful 

as the complete identity of individual peaks, which make the pattern complex, may not be 

possible. Also, intrinsic variations amongst samples lead to further difficulty in generating 

clinically useful biomarkers.  Identity based methods are the second method, and currently are 

the most employed method for biomarker target identification. The popularity stems from the 

fact that after revealing the identity of particular biomarker it can be further evaluated clinically, 

and a clinical assay may be developed as an indication of disease. A LC MS/MS method is used 

to identify a list of proteins from the sequence of proteolytically digested peptides from the 

sample. High resolution and extremely precise measurements with the help of current hybrid MS 

instruments, such as linear ion trap/ Fourier transform ion cyclotron resonance (LTQ/ FT) or 

Orbitrap mass spectrometers; improve the confidence in assignments of peptide identity. 67 A 

combination method where MS/MS is used on a 2-Dimensional PAGE gel with differently 

expressed spots from samples is used frequently. There are few non-MS based methods which 

are used in specific situations for target identification. Blood, plasma, serum and other body 

fluids are readily available sources to discover biomarkers. 

Applications of Aptamers 

The nature of aptamer probes grants it certain flexibility in its use. Aptamers have been 

used not only as binding agents but also as diagnostics, therapeutics and numerous analytical 

applications. 
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Analytical Applications of Aptamers  

Enantiomers are non superimposable mirror images of a compound. Life as we know it is 

based on enantiomers, which make its separation and purification an important topic of research. 

Molecular recognition properties of aptamers make them an important tool in separation and 

purification of enantiomers. 68-70  Aptamers have been used as immobilized ligands, similar to 

chiral stationary phases provided by antibodies or crown ethers; for the separation of 

enantiomers using different chromatographic techniques.  A biotinylated aptamer is easily 

attached to a streptavidin chromatographic column demonstrating a high affinity for a particular 

enantiomer, such as D-argnine vasopressin, L-selectin or thyroid transcription factor 1(TTF1). 

71,72 The aptamer modified column retains a particular enantiomer and the retained aptamer can 

be eluted using appropriate conditions, generally involving a high salt gradient (EDTA, urea, 

NaCl), pH or a temperature gradient to disrupt the aptamer target interactions. Another 

advantage of using aptamers is that the columns are generally reuseable. 

Capillary Electrophoresis (CE) separates compounds based on size to charge ratio in a 

small capillary. Aptamer target interactions change the electrophoretic properties due to change 

in structure or size. An aptamer based CE method named micellar electrokinetic chromatography 

has recently been reported to separate enantiomeric nucleotides. 69  Detection and quantification 

of proteins with CE using aptamer probes is utilized when only small amounts of samples are 

available. Fluorescently labeled aptamers are employed to achieve high sensitivity by utilizing 

laser induced fluorescence or fluorescence anisotropy modes in CE. 73 A new method known as 

non equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) avoids the 

protein’s influence on electro-osmotic flow, and is used to study protein-DNA interactions with 

very small amounts of protein. 74  Column chromatography has also been used to select aptamers 

using SELEX. 75,76 
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Biosensor development using aptamers as the molecular recognition element provides 

opportunities to generate sensors with high sensitivity coupled with reproducibility and reuse of 

the sensor. Sensing mass changes with a surface acoustic wave to sense proteins like IgE and 

thrombin with aptamers have resulted in acoustic biosensors. 77  An aptamer immobilized on a 

cantilever has been used to generate another biosensor.78 A mechanical response to the target of 

the aptamer is generated corresponding to the biomolecular interactions of the aptamer and its 

target.  

Different electrochemical aptamer based sensors used to investigate aptamer-protein 

interactions have been reported. 79 The most important and widely used aptamer based sensors 

are optical sensors based on fluorescently labeled aptamers.80  Real-time fluorescence 

measurements indicate the state of analyte. Molecular beacon aptamers (MBA) and structure 

switching signaling aptamers are two important strategies that convert an existing aptamer into a 

biosensor probe.  MBA are oligonucleotide probes with a hairpin structure containing an internal 

fluorophore and quencher at the ends. Binding  of the MBA to its target disrupts the hairpin 

structure and separates the fluorophore and quencher to restore the fluorescent signal.(Figure 1-6 

a) 81-83   In signal switching aptamers, a fluorophore labeled aptamer is present with a quencher 

labeled antisense strand which is displaced in presence of the target, resulting in a large increase 

in fluorescence (Figure1-6 b).84 An interesting pyrene based aptamer beacon was developed 

which on binding of its target switches emission from a pyrene monomer 400nm (5ns) to a 

pyrene excimer 485nm (40ns)(Figure 1-6 c).85  The time resolved and wavelength shift 

inherently are useful in complex biological samples, which routinely have high background 

signal. Fluorescence resonance energy transfer (FRET) based aptamer beacons labeled with a 

donor and acceptor fluorophore have been reported with the ability to observe real time protein 



 

30 
 

aptamer binding. 86  Metal ion sensing aptamer beacons have been created that can monitor a 

single lead ion in solution with fluorescence microscopy. 87 These aptamer beacons can also be 

immobilized on a solid surface to generate an aptamer array for multiplexed protein detection. 88  

Aptamers are attached to the surface by biotin–avidin, gold-thiol or amine-carboxy interactions. 

Aptamer Based Bioassays 

Fluorescence anisotropy based assays using aptamers are used to study the association and 

disassociation of an aptamer-target complex. Anisotropy depends on the relationship between 

perpendicular and parallel signals emitted by plane polarized light. An unbound aptamer rotates 

rapidly and does not show anisotropy, but when bound to a target the rotational motion of the 

aptamer-target complex is significantly decreased and maintains polarization. This reflects the 

association-disassociation of molecules of interest. 89 

ALISA, ELONA and ALONA are acronyms of aptamer based assays. Aptamer Linked 

Immobilized Sorbent Assay (ALISA) was developed for detection of Fransciella Tularensis, a 

highly infectious bacterium. 90 First, unlabeled aptamers were immobilized on the surface and 

incubated with the target. In the second step biotin labeled aptamers conjugated to fluorescently 

labeled streptavidin were added to detect presence of the bacteria.  An Enzyme Linked 

Oligonucleotide Assay (ELONA) was developed to detect human VEGF in sera by using anti-

VEGF aptamer. 91  ELONA differs from ALISA by the use of a monoclonal antibody 

immobilized on a surface as a capturing reagent. Antibody Linked Oligonucleotide Assay 

(ALONA) consists of photoactive aptamers immbolized on a surface. 92  Incubation of the 

aptamer with the target leads to an aptamer –target complex, which is then exposed to a UV 

light, enabling covalent bond formation between the aptamer and its target. After removal of 

unbound species, fluorescently labeled antibodies detect the target. 
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Rare cell detection, cell typing, epitope detection and drug discovery have been performed 

by  unique proximity assays based on aptamers. 93  Aptamers for the target have a tail consisting 

of a few extra nucleic acids. A second probe with a similar tail binds target. A ligation is 

performed which is successful only if the probes are in close proximity. PCR is performed that 

amplifies only the ligated product and not the unreacted probe. 

Therapeutic Aptamers  

Therapeutic application of aptamers became a reality in late 2004 when Macugen® was 

approved as a drug for age-related macular degeneration. 94,95  Macugen® was developed using 

vascular endothelial growth hormone as the target for SELEX. 94,96 VEGF is involved in 

angiogenesis and is an important target in anticancer therapies. Similarly, therapeutic aptamers 

are being developed for platelet derived growth factor (PDGF), another growth factor, which is 

involved in wound healing and linked to progression of numerous diseases including cancer. 97  

Human neutrophil elastase (hNE) implicated in various inflammatory diseases like septic shock, 

emphysema, arthritis is also a promising target. 98  Anticoagulants are a major target for 

therapeutic aptamers. 99 Thrombin, a major component of the coagulation cascade, and other 

important clotting enzymes like Factors VIIa and IXa have been used to generate aptamers. 100,101 

Currently, anticoagulant aptamers from Archemix are in clinical trials. As an added advantage, a 

complimentary sequence of aptamer can be used as an antidote. Similarly cell surface signaling 

proteins like members of a family of receptor tyrosine kinases (RTKS) are important in the 

regulation of the cell cycle and proliferation of cancers. Aptamers generated against these 

proteins inhibit the function of the cell surface protein and block the downstream signaling. 

Important targets include integrins, selectins, tenascin C, etc. 102,103 

For successful transformation of an aptamer to a therapeutic drug the aptamer is modified 

to a length of 40-50 nucleotides, its bioavailability is increased and made nuclease resistant by 
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various strategies without losing the most of its affinity, specificity and function. 104  Aptamer 

can be delivered locally to the site of disease but systemic delivery of aptamers has so far not 

been successful. 

Targeted Delivery with Aptamers  

Aptamers can be used for organ, tissue or cell specific delivery of siRNA, miRNA, drugs 

or any other agent to be delivered in a targeted manner. 105 Magnetic resonance imaging and 

positron emission tomography with an aptamer modified with the appropriate molecules or 

conjugated to magnetic nanoparticles or radiopharmaceuticals are two applications where 

aptamers have been utilized. 106,107 The PSMA aptamer was successfully used with a mouse 

model to deliver a nanoconjugate complex containing a toxin to specifically kill prostate cells 

only. 108 Also, an aptamer-siRNA chimera has been used to control gene expression via RNAi in 

a mouse xenograft model. 109 Intracellular aptamers can also be used to block protein function as 

an alternative to siRNA knockdown. 110 

Aptamers in Virology 

Aptamers against infectious agents and infectious proteins can be used as detection agents. 

111  Fluorescence microscopy or a flow cytometry based assay to detect the presence of viruses, 

viral proteins or infected cells using aptamers is preferable than antibodies due to the inherent 

advantages offered by aptamers. Flow cytometry is a favored method in clinical settings to 

confirm disease, because the data set is gathered from thousands of cells and statistical analysis 

can be performed to formulate meaningful conclusions. Also, multiplexed analysis can be done 

using different excitation and emission filters and fluorescence signals from different 

fluorophores. Aptamer based diagnostics to detect infectious diseases using the different 

biosensor methodologies stated above are currently very active research areas. Several aptamers 

have been generated against viral cell surface antigens from human immunodeficiency virus 1 
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(Tat, Rev, Reverse transcriptase, RNAse H, Integrase, gp120), hepatitis C virus (NS3, RNA 

polymerase and IRES), influenza A and B (hemagglutinin) and whole viruses such as human 

cytomegalovirus and Rous Sarcoma virus, hepatitis B virus, Herpes Simplex virus have been 

used to generate aptamers. 112-114  

Aptamers generated against viruses or viral targets have been tested as anti-viral as well. 

Anti-viral assays employed vary according to the virus and may be extracellular or intracellular 

inhibition assays. In a common assay, the aptamer is over expressed intracellularly with a vector 

and its effect is monitored by the luciferase activity encoded by the virus. 115 Extracellular assay 

are performed in the presence and absence of aptamer in order to observe its antiviral effect with 

a bioassay, for example, a fusion assay for influenza hemagglutinin with a fluorescent aptamer 

and the influenza membrane labeled with another fluorescent molecule.116 Table 1-2 list 

aptamers generated for various viruses and viral targets and their inhibitory potential.  

Research Objective 

The goal of this research was to select a panel of aptamers against vaccinia infected cells. 

After the selection of a panel of aptamers, several were further characterized. The best aptamer 

candidate was further used to detect a vaccinia infection.  The identity of the target of selected 

aptamer was identified using different biochemical methods. Finally we investigated the anti-

viral properties of the selected aptamer.
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Figure 1-1.Vaccinia virus lifecycle and morphogenesis. The virion attaches by binding 
glycosaminoglycans (GAGs) on the surface of the target cell or by fusing with the 
target cell depending on its form and the target cell type. Viral replication occurs in 
three distinct steps known as early, intermediate and late viral mRNA and protein 
synthesis, which are followed by morphogenesis of infectious particles. The initial 
intracellular mature virus (IMV), after it is wrapped with Golgi-derived membrane, is 
referred to as an intracellular enveloped virus (IEV). The IEV fuses to the cell surface 
membrane to form cell-associated enveloped virus (CEV), which is either extruded 
away from the cell by actin-tail polymerization or is released to form free EEV. EEV 
might also form by direct budding of IMV, bypassing the IEV form. 
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Figure 1-2.Flowchart depicting the principle steps in SELEX.   

 

Figure 1-3.Guanosine phosphoramidite used for chemical synthesis of DNA. The nucleoside has 
following modified groups; the 3' hydroxyl group is modified to N, N diisopropyl 
phosphoramidite group, the 5' hydroxyl group is protected by a dimethyl trityl group 
(DMT), the exocyclic amino groups of the bases guanine are protected by an 
isobutyryl group, the phosphate group is protected by a base labile 2-cyanoethyl 
group and the phosphite group is protected via the diisopropyl amino group (iPr2). 
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Figure 1-4.Automated DNA synthesis using phorphoramidite chemistry involves four major 
steps. (1) Detitrylation, (2) Activation (3) Capping or Coupling and (4) Oxidation 
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Figure 1-5.Purification chromatograph of chemically synthesized DNA using RP-HPLC. Peaks 

at 4min and 15min show failed DNA sequence whereas peak at 20min shows the 
successfully synthesized Cy-5 labeled DNA product. 

 

 
 
Figure 1-6.Various detection strategies using molecular aptamer beacons. a. Fluorophore (F) and 

quencher (Q) labeled molecular aptamer beacon on binding with its target (T) 
separates the F and Q leading to a fluorescence signal b. F labeled aptamer forms a 
duplex structure with an antisense Q labeled sequence. Target binding dehybridizes 
the strands restoring the fluorescence signal c. An aptamer is labeled with two pyrene 
(Py) molecules. A pyrene excimer fluorescence signal is generated on target binding. 
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Table 1-1: Classification of poxviruses 
A) Invertebrate Poxviruses Entomopoxvirinae  

Entomoxpoxvirus A  Melontha Melontha entomopoxvirus (MMEV)  

Entomopoxvirus B  Amsacata moorei entomopoxvirus (AMEV)  

Entomopoxvirus C  Chironomus luridus entomopoxvirus (CLEV)  
 
B) Vertebrate Poxviruses Chordopoxvirinae  

Orthpoxvirus  Buffalopox, camelpox, cowpox, ectromelia, monkeypox, 
rabbitpox, raccoon pox, tatera pox, vaccinia, variola, and vole pox 
viruses  

Parapoxvirus  Chamois contagious ecthyma, Orf, pseudocowpox, and stomatitis 
papu-losa viruses  

Avipoxvirus  Canary pox, fowlpox, junco pox, pigeon pox, quail pox, sparrow 
pox, starling pox, and turkey pox viruses  

Capripoxvirus  Goatpox, sheep pox and lumpy skindisease viruses  

Leoporipoxvirus  Hare fibroma, myxoma, rabbit (Shope)fibroma and squirrel 
fibroma viruses  

Suipoxvirus  Swinepox virus  

Molluscipoxvirus  Molluscum contagiosum virus  

Yatapoxvirus  Yaba and tanapox viruses  
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Table 1-2: Aptamers generated for viral targets and their inhibitory potential using different 
assays 

Virus Target Inhibition 
% 

Method/Assay 

Human Immunodeficiency 
virus -1 (HIV-1) 

Reverse 
Transcriptase 

90-99 Anti-viral infectivity 

Human Immunodeficiency 
virus -1 (HIV-1) 

Tat 50-70 Cell-based luciferase 

Human Immunodeficiency 
virus -1 (HIV-1) 

gp 120 50 Neutralization assay 

Influenza A Hemagglutinin 
(HA) 

100 Hemagglutinin assay 

Influenza B Hemagglutinin 
(HA) 

93 Membrane fusion 

Hepatitis C virus (HCV) NS3 90 Proteolytic activity 

Human cytomegalovirus 
(HCMV) 

Whole virus (gpB 
and gpH) 

50 Antiviral activity and 
nhibition of viral entry 

Rous sarcoma virus (RSV) Whole virus (gp85) 85 Neturalization assay 

Human T-cell leukemia 
virus (HTLV) 

Rex >90 Competition assay 
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CHAPTER 2 
SELECTION OF APTAMERS FOR POXVIRUS INFECTED CELLS 

Introduction 

Public heath safety is critically linked to pathogen detection, identification and 

quantification. Areas of interest include clinical diagnosis of a viral or bacterial species capable 

of causing a communicable disease and analysis of environmental, food and water samples 

which are important routes of transmissions for these pathogens.  Food poisoning due to 

presence of bacteria, such as salmonella, present in tomatoes, peppers, peanut butter, etc., has 

caused hospitalizations and a severe economic loss. 117 Similarly, introduction of exotic plants, 

animals and insect species introduce a host of new microorganisms capable of causing an impact  

by not only affecting the agricultural output or ecological imbalance but also a huge distress to 

public health protection if left unchecked.  Furthermore, fear related to biological warfare has 

been rekindled after the 9/11 attacks, necessitating increased interest in rapid detection of 

pathogens. Smallpox is considered as a potential bioweapon, we will use vaccinia as a model for 

smallpox to generate probes for rapid detection. 

Standard traditional methods of viral or bacterial detection may take up to 7 to 8 days to 

answer.118 These methods though highly selective and sensitive are too slow in particular 

situations, such as an event of bioterrorism or food samples tainted with a disease causing 

bacteria or virus. These methods involve culturing and plating using selective media. The media 

contains inhibitors or substances that only a particular bacterial species can degrade, transform or 

alternatively color the growing colonies. Detection of virus is based on production of visible 

cytopathic effect in mammalian cell culture. 119 Differentiation of orthopoxviruses using culture 

methods involves analyzing morphology of pocks on chicken eggs and measuring the maximum 

temperature for growth of virus isolates.120 Current methods of detecting microorganisms are 
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either an antibody based ELISA (Enzyme Linked Immunosorbent Assay) or a PCR based test. 118 

ELISA based and other antigen detection methods are not sensitive to detect low amount of 

viruses. Compared to culturing and ELISA detection methods a PCR based test is less time 

consuming. PCR based tests amplify and quantify a short DNA sequence with primers which 

targets the viral genetic material. Post-processing of the PCR amplified DNA includes gel 

electrophoresis to detect the amplified DNA. Differentiation of species of virus or bacteria can 

be done by digestion of PCR amplified product. Detecting smallpox causing variola and 

differentiating it with other orthopoxviruses has been done by targeting the genomic sequence 

which encodes the viral protein hemagglutinin.19 This method is much more efficient when real 

time PCR mode replaces the normal PCR mode wherein a single primer or multiple primer 

probes allow detection and differentiation of orthopoxviruses. 121,122 One major limitation of the 

PCR based methods is that they cannot distinguish whether the infectious agent is present in 

viable or dead cells.  

A molecular foundation of disease is not only based on genetic variation but also the 

proteomic character of the healthy and diseases state. This is true for any disease, including one 

caused by infectious agents. An infection causes a molecular change not only at the intracellular 

genomic and proteomic level, but is also reflected on the cell surface of the infected cell. The 

molecular signature caused by the infection on the surface of host cell provides a window to 

generate probes which can recognize an infected cell from an uninfected cell. In our lab, we have 

developed a modified selection method, cell-based SELEX strategy to utilize the cell surface 

markers expressed differentially in cancer cells but not on other type of cells. 46 This method 

does not require previous knowledge of cell surface molecules. We will use VV infected cells, as 
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a model for smallpox, and generate a panel of aptamer probes using cell-based SELEX. The 

aptamers generated can be used as diagnostic markers as a presence of infection. 

Principle of SELEX 

Aptamers are nucleic acid probes capable of binding to a particular ligand. They were 

discovered with an in-vitro selection method also known as SELEX within 6 years after the 

discovery of PCR. 31,32,123 Prior to the discovery of SELEX, the generation of a probe with 

affinity for a particular ligand was limited to big pharmaceutical companies which were done by 

high-throughput screening of a combinatorial libraries of synthetic compounds in different 

assays. SELEX was a convenient, easy and comparatively cheaper way to make probes high 

specificity and selectivity. The major principle of SELEX is the iterative cycles of selection-

amplification-selection to enrich an initial library with a huge diversity of secondary structures, 

depending on the length of sequence. Theoretically 4n unique sequences are possible for a 

sequence with “n” nucleotides. In practice, it is estimated that 1014 to 1015 unique sequences may 

be present in a library for a sequence length of 45 random nucleotides. The synthesis of such a 

library is an easy task due to automated DNA synthesizing machines which are readily available. 

During the synthesis of DNA library A, T, C and G phosphoramidites are added in equal 

amounts at each step to yield a random library. Each sequence has a different affinity for the 

target, sequences binding weakly are removed from the pools are separated using various 

methods enriching the pool with sequences that bind with a higher affinity to the target. This 

enriched pool is amplified using PCR which is possible due to fixed regions at both ends of 

random library which act as primer sites. A primerless SELEX can be performed using ligation 

to attach primer site after each round of selection. 124 For aptamer selection with RNA, a 

promoter binding site for the reverse transcriptase is added to the primer site to transform the 

DNA library to a RNA library. Different methods are employed to observe the enrichment of 
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pool for the target. After sufficient enrichment, the pool is cloned and sequenced to reveal the 

individual sequences. These sequences are aligned with alignment software to deconvolute the 

array of sequences obtained and report the consensus sequences which are potential aptamers. 

The potential aptamers are then synthesized and tested for their selectivity and specificity 

towards its target. 

Different Methods of SELEX 

Separation of weaker binding and high affinity sequences has been performed in various 

ways to achieve an efficient and quick SELEX process. The selection of a method is also based 

on the nature and complexity of the target for which aptamers are being selected. One of the 

initial aptamer selections was done by Turek and Gold with T4 DNA polymerase as the target 

using a nitrocellulose membrane to separate the bound and unbound fractions of the nucleic 

acids.32 Most of the aptamers selected using these filter binding processes are large molecules 

such as proteins or intact viruses. With the exception of a few DNA aptamers most of the RNA 

aptamers have been selected using this method. At the same time, Ellington and Szostack, one of 

the groups to initiate SELEX, used specially modified affinity surfaces and then bound the target 

to these surfaces for selection. 31 They selected aptamers for small organic dye molecules 

attached to cross linked beaded agarose in a small column. Another interesting method generates 

aptamers with modified magnetic beads. 125 These beads are coated with streptavidin, thus any 

biotinylated target is easily attached. A magnet is then used to separate the target-DNA or RNA 

pool from non binding sequences. This magnetic recovery is simple and highly efficient to 

generate aptamers in fewer rounds of SELEX than previous methods. Similarly a selection can 

be done with modified affinity surfaces like Ni-agarose, glutathione sepharose and streptavidin 

specifically binding His-tagged or GST-tagged and biotinylated targets respectively. 42,126,127 

Photo-SELEX is a modified method wherein a photoactive nucleotide is substituted for a normal 



 

44 
 

analogue to prepare the library. 128 After incubation of library with the target, the complex is 

irradiated with UV light in presence of target, a protein. Washing away the unbound nucleic 

acids and repeating steps yield aptamers with higher affinity in lesser number of steps. Also an 

aptamer was generated for human neutrophil elastase using gel mobility shift assay to 

differentiate bound and unbound RNA. Figure 2-1 shows four different methods of separation 

commonly used in SELEX. Capillary electrophoresis (CE-SELEX) is another rapidly evolving 

method to generate aptamers wherein a separation is done within a small capillary with the 

difference in electroosmotic flow of bound and unbound species. 75 Cox and Ellington have 

developed an automated platform to select aptamers against proteins which once started runs 

without any human interference.129 Different strategies like counter SELEX using a similar 

decoy target to remove sequences binding it for higher selectivity and sequential or toggle 

SELEX to generate aptamers using more than one target within a selection have been used to 

generate aptamers. 130 In addition to this complex target aptamer selection has been done with 

cell fragments and membrane fractions, bacteria and parasites, mammalian whole cells 

overexpressing a protein target, whole live mammalian cancer cells, cell lysates and tissue 

sections.45-48 Complex target SELEX leads to a panel of aptamers which recognize multiple 

targets in a single selection. The SELEX process has also been enhanced by using a variety of 

PCR process like error-prone PCR, asymmetric PCR methods or non-homologus random 

recombination. 131,132 

Materials and Methods 

Cell Culture 

Adherent HeLa and Suspension HeLa S3 (Human cervical epithelial adenocarcinoma cells) 

obtained from ATCC (American Type Culture Collection, ATCC number CCl-2™ and CCL-

2.2™ respectively). Adherent HeLa cells were cultured in F11 (also known as Minimum 
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Essential medium from GIBCO) supplemented with 10% Fetal Bovine Serum (FBS) (Heat 

Inactivated from GIBCO), 100 IU/ml penicillin-streptomycin, 2mM Glutamine and 100µM non-

essential amino acids and 1mM sodium pyruvate. The adherent cell culture was maintained in 

75cm 2 tissue culture cell flasks (from Fisher). Adherent HeLa cells were split by incubating with 

0.05% Trypsin –0.53mM EDTA without Ca++ in Hanks Balanced Salt Solution (from Fisher) for 

3-5 minutes at 37°C for 5 minutes. Detached cells were re-dispersed in aliquots with fresh 

medium in new flasks. 

Suspension HeLa S3 cells were cultured in modified F11media known as Joklik Media or 

JMEM (from Sigma) and supplemented with 5% Fetal Calf Serum and 5% Fetal Bovine Serum 

(both Heat Inactivated from GIBCO), and other supplements similar to adherent HeLa cell 

culture medium.  They were maintained in a 100ml spinner flask at 37°C and 5% CO2. A 

hemacytometer was used to determine the cell density of suspension cells. The cell density was 

maintained 1*105 cells/ml by splitting them every day. The cells were centrifuged at 980 rpm for 

5 minutes to remove the old media and then a small aliquot re-suspended in new medium.  

Virus Growth 

 A recombinant vaccinia virus strain Western Reserve (VV WR) expressing GFP under an 

early/late viral promoter from Moyer lab was used. The virus was grown by using a CV1 

(African Green Monkey Kidney Fibroblasts) cell line cultured in 150 cm2 dishes with F11 media 

supplemented with 10% FBS and 100 IU/ml penicillin-streptomycin, 2mM Glutamine and 

100µM non-essential amino acids and 1mM sodium pyruvate and maintained at 37°C and 5% 

CO2 .  The crude poxvirus stock which is cell associated was sonicated to dissociate it from cells. 

Sonication was done in a water bath to avoid heat inactivation of virus due to the heat generated. 

A multiplicity of infection (moi) of 0.01 plaque forming units per cell of virus stock inoculum 

was added (1ml F11medium without serum) to cover the entire dish, meaning virus capable of 
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forming a plaque is added for every 100 cells. The virus was adsorbed on the cells for one hour 

on a rocking platform at 37°C. The inoculum was removed after the adsorption period is over 

and an overlay of 15 ml warm F11 media with 1% FBS and other standard supplements was 

added to the dish. Cells were harvested 3-4 days after infection when all the cells were visibly 

destroyed, that is the cyopathic effect (CPE) of the virus was complete. Cells were harvested by 

scraping of the surface into the overlay with a rubber policeman. This solution was centrifuged at 

2500 rpm for 10 minutes at 4°C. The supernatant was discarded and the cold pellets were 

combined in cold PBS or in F11 medium without serum (0.5ml/ dish) and stored at -80°C. 

Virus Titer  

The virus stock was tittered to calculate the amount of active viral infectious particles 

presentbased on dilution methods. Cytopathic effect is visualized colorimetrically to determine 

the amount of plaque forming units in the virus stock. Serial dilutions of the virus stock were 

made in F11 media without serum. 250 µL of each of this serially diluted stock was adsorbed on 

each well of a 6 well plate covered with a monolayer of CV1 cells. After adsorption of virus the 

inoculum was removed and a 3ml/well overlay containing  equal mixture of 2x F11 medium and 

a 1% agarose (sterile) at 45°C was added and placed in an incubator at 37°C and 5% CO2 . Early 

on day 3, 3ml/well 1:30 dilution of Neutral red in F11 medium without serum was added on top 

of the agarose overlay. Plaques are counted after a minimum incubation of 4 hours with the stain 

and the titer of the virus stock determined. 

Infection Protocol 

Adherent HeLa  

The virus stored at -80˚C was freshly thawed and diluted in culture media sans FBS. It was 

sonicated for a minute for uniform dispersal of viral particles and added to cells, which were 

freshly split and cultured 24 hours before infection. The cells were incubated at a moi = 10, 
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unless otherwise stated, i.e. 10 infectious viral particles per cell for one hour at 37˚C on a rocking 

platform in an incubator to achieve uniform virus adsorption. The virus inoculum was removed 

and fresh culture medium was added to continue the infection. Fifteen hours post infection the 

cells were monitered for GFP production. 

Suspension HeLa S3 

The density of HeLa S3 cells was determined using a  hemacytometer. Five million cells 

were removed from the culture and centrifuged at 980 rpm at 4°C for 5 minutes. The supernatant 

was discarded and the cell pellet was adsorbed with a freshly sonicated virus stock at a moi of 

10, unless stated otherwise and rotated on a rotator in an incubator at 37˚C for 1 hr. The 

unadsorbed virus was removed by centrifugation at 980 rpm for 5 minutes at 4°C and discarding 

the supernatant. The cell pellet was re-suspended at a cell concentration of  3*105 cell/ml. The 

expression of GFP was monitored fifteen hours post infection with a fluorescence microscope. 

DNA Library Synthesis  

A ssDNA library with a randomized core of 45 nucleotides flanked on both, the 3' and 5' 

ends by a 18mer fixed primer binding sites was synthesized. Unlabeled and a cyanine derivative 

fluorophore (Cy-5) labeled library was synthesized using an ABI 3400 DNA/RNA synthesizer 

(Applied Biosystems, Foster City, CA) at the 1µM scale using solid-state phosphoramidite 

chemistry. The sequence of the library is as follows, 

5' - ATC CAG AGT GAC GCA GCA NNN NNN NNN NNN NNN NNN NNN NNN NNN 

NNN NNN NNN NNN NNN NNN TGG ACA CGG TGG CTT AGT - 3'  

Synthesis of modified aptamers with a fluorescein isothiocyanate (FITC) or biotin label was 

carried out either on the 3' end by using an appropriate end-modified CPG or 5' end by coupling 

a modified phosphoramidite. The DNA was cleaved off the solid support CPG and ethanol 

precipitated. Reverse phase HPLC (RP-HPLC) was employed to purify the product with the 
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protecting DMT group. A C-18 column (Econosil, 5µM, 250 x 4.6 mm) from Alltech (Deerfield, 

IL) was used on a ProStar HPLC station (Varian, CA).  A 0.1M TEAA gradient was used to 

separate the successful product from an unsuccessful product. The HPLC purified product was 

then deprotected in mild acidic conditions using acetic acid, vacuum dried and re-suspended in 

water. A Cary Bio-300 UVspectrometer (Varian, Walnut Creek, CA) was used to quantify the 

DNA. A square quartz cuvette with 1 cm path length was used for the absorption measurements. 

DNA was stored at -20°C before use.  

Chemicals and Reagents 

DNA synthesis reagents including the solid support CPG and nucleotide phosphoramidites 

along with acetic anhydride, dichloroacetic acid (DCA), iodine, tetrazole, etc., were purchased 

from Glen Research (Sterling, VA). Fluorescent and biotin label phophoramidites were 

purchased from Glen Research or Molecular Probes®, Invitrogen (Carlsbad, CA). HPLC and 

DNA synthesis solvents, water of different grades of purity, acetonitrile (ACN), dichloromethane 

(DCM) and ethanol were purchased from Thermo-Fisher Scientific (Pittsburgh, PA). All other 

reagents required, such as TEAA, agarose, agar, etc., were purchased either from Thermo-Fisher 

Scientific or Sigma-Aldrich (St.Louis, MO). Washing buffer used during SELEX contained 

4.5g/L glucose and 5mM MgCl2 in Dubbelcco’s PBS (Sigma). Binding buffer is essentially wash 

buffer with the addition of bovine serum albumin (BSA) (1mg/ml from Fisher) and t-RNA 

(0.1mg/ml) to reduce non-specific background binding. 

Polymerase Chain Reaction 

Primers were designed to amplify the synthesized library optimally. The frequent selection 

amplification rounds make PCR the heart of SELEX. Inefficient or problematic primers may lead 

to an unsuccessful SELEX as a mistake in a selection round will be amplified exponentially in 

later rounds. Basic guideline for successful primer design such as having a difference of 1° 
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melting temperature of the two primers, no homodimer (intra-primer homology)  formation, no 

hetrodimer primer formation (inter-primer homology), having a miminum of 50% GC content, 

secondary structures and no polynucleotide stretches was done using Oligo Analyser software 

from IDT Biosciences (Coralville, IA).  

The forward primer was an 18mer sequence 5' Cy5 - ATC CAG AGT GAC GCA GCA 

with a melting temperature of 56.5°C  and GC content of 55.6%, an extinction coefficient of  

192500 L/mole.cm and a molecular weight of 6050.3 g/mole and secondary structure with 

highest Tm of 10.9°C. The reverse primer also an 18 mer sequence 5' Biotin ACT AAG CCA 

CCG TGT CCA with a melting temperature 56.2°C and GC content of 55.6% with a molecular 

weight of 5822.0 g/mole, an extinction coefficient of 171800 L/mole.cm and a secondary 

structure with a maximum Tm of 4.4°C.  

The designed primers, labeled and unlabeled were synthesized and purified with the DNA 

synthesizer and RP-HPLC in the Tan lab as described in previous section. The unlabeled primers 

were synthesized for cloning the enriched pool in a vector. PCR reaction conditions were 

optimized initially for the primers for concentration of primers and template, polymerase (hot 

start Takara Taq polymerase), dNTP’s, Mg++ ions, annealing time, extension time, temperature 

and PCR cycles. The optimized PCR conditions for the initial round of SELEX were as follows 

2.5 minutes at 95°C for activation of Taq polymerase, 30 PCR cycles of 30 seconds for 

denaturation at 95°C, 30 seconds for annealing  at 56.3°C and 30 seconds at 72°C for elongation, 

and a final extension step for 3 minutes at 72°C. PCR conditions for annealing temperature and 

PCR cycles were optimized after each round of SELEX as the nature of pools change after each 

round of SELEX. 
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Gel Electrophoresis 

The specificity of PCR was confirmed by resolving the amplified DNA products on a 3% 

agarose gel by electrophoresis. The DNA was visualized using 0.5mg/ml ethidium bromide 

(EtBr) staining, which intercalates with DNA and fluoresces on exposure to UV light.  1.5g 

agarose is added to 50 ml of 1 X Tris/Borate/EDTA (TBE) buffer (Fisher) and melt using a 

microwave for 1.5 minutes. The solution is allowed to cool in a gel rack to form a gel. DNA 

samples were loaded with loading buffer (bromophenol blue and glycerol) and a DNA sample 

with known molecular weights is added for reference. The location of DNA sample compared to 

the reference gives an estimate of the size of DNA as shown in Figure 2-2. The gel is run at a 

constant voltage to move the negatively charged DNA through the gel towards the positive 

electrode.  

ssDNA Preparation 

As dsDNA is obtained after PCR, it needs to be converted to ssDNA pool for the next 

round of selection. Streptavidin coated high performance Sepharose beads (GE Healthcare, NJ) 

were used to make a small affinity column. The dsDNA product is passed through this column 

two times which allows the binding of biontiylated dsDNA attach itself to strepavidin. A wash 

with highly alkaline 0.2M NaOH solution de-hybridizes the DNA releasing the fluorophore 

labeled strand. This DNA needs to be desalted which was done by passing it through a size 

exclusion NAP-5™ column. The ssDNA is loaded on the column, allowed to interact with it and 

eluted with water. The larger DNA molecules are eluted first leaving the salts in the column. 

This desalted ssDNA is quantified by a UV spectrophotometer and vacuum dried. The products 

are now ready for use in next round of selection and are re-suspended in binding buffer just 

before use. 
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Cell SELEX Protocol 

A cell-based SELEX was developed and perfected in our lab by generating aptamer probes 

for CCRF-CEM human T-cell lymphoblastic leukemia cells and Ramos human B-cell Burkitt’s 

lymphoma cells. A unique feature of this cell-based SELEX over previous methods was the use 

of native whole, live cells for selection and the introduction of a counter cell selection method to 

select aptamers. A unique panel of aptamers was discovered using this methodology to reveal a 

new cell surface cancer biomarker which was later identified to be protein tyrosine kinase 7 

(PTK7). We applied this methodology to generate aptamers using cells infected by VV, as a 

model for smallpox, and uninfected cells for counter selection. Figure 2-3 shows the major steps 

used for infected-cell SELEX. 

Infected HeLa S3 suspension cells and adherent HeLa cells had slight modifications in the 

cell-based SELEX protocol used for selection of aptamers. A 35mm diameter dish was used to 

culture adherent HeLa cells. The cells were infected with VV WR expressing GFP at a 

multiplicity of 10. Fifteen hours post infection the aspiration of medium started the selection 

process. The dish was washed with PBS two times. The ssDNA library was resuspended in 

200µl of binding buffer and denatured at 95̊C for 5 minutes and cooled on ice for 10minutes to 

reduce the intermolecular hybridization. The infected HeLa cells were incubated with this 200µl 

ssDNA library with a concentration of 20nmol for the first round and 100pmol for later rounds. 

The dish was kept on a rocking platform at 4̊C in a cold room for 60minutes. The buffer was 

removed and the cells washed with 1mL of washing buffer. As the selection progressed, the 

stringency of selection was increased by slowly increasing the washing strength from 1mL to 

5mL and reducing the incubation time from 60min to 40min. The cells were harvested in 500µl 

of binding buffer by scraping, and the DNA was eluted by heating at 95̊C for 10minutes. 

Counter selection with uninfected cells was introduced after the 5th round of SELEX and 
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performed after every alternate round of selection to remove DNA binding uninfected HeLa 

cells. The counter selection is performed in the same way as positive selection but only the 

unbound DNA is recovered. PCR amplification with 10-20 cycles of denaturing, annealing and 

extension using appropriate temperature was optimized after each round to avoid non-specific 

amplification. The dsDNA obtained after PCR amplification was treated with streptavidin coated 

sepharose beads to generate ssDNA. Selection progress was monitored via a Cy-5 label on DNA 

with a flow cytometer. For HeLa S3 suspension cells, the cells were centrifuged and washed two 

times with washing buffer 15 hours post infection. The cells were then resuspended in a 1.5ml 

microfuge tube containing 200µl of DNA in biding buffer. This is rotated on a rotator at 4°C for 

60 minutes. The cells were then centrifuged and the unbound DNA in supernatant was discarded. 

The cells were washed with increasing stringency and the bound DNA recovered by heating at 

95°C for 5 minutes. The remaining steps were similar to selection with adherent infected HeLa 

cells. 

Flow Cytometry 

Flow cytometry is the most convenient method to get sensitive and statistically meaningful 

data to study whole cells. The principle of flow cytometry is based on multiple characteristics of 

the cells as they flow through a beam of light. Cells scatter incident laser radiation based on their 

size and internal complexity which includes a cell’s membrane, nucleus and any granular 

material present in the cell. The forward scatter is proportional to the size of cells and the side-

scatter gives information regarding the granularity (internal complexity) of the cells. 

Simultaneously any cells stained with fluorescent molecules such as dye labeled aptamers or 

antibodies absorb the light energy from the laser and emit at a lower energy level can be tracked. 

The amount of fluorescence is proportional to number of fluorescent molecules on the cell. The 

enrichment of the DNA pools via SELEX was monitored by using fluorophore Cy-5 labeled 
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DNA pools to track their affinity for their target, VV infected cells using flow cytometry. Figure 

2-4 shows the working principle of flow cytometry 

Infected, adherent HeLa cells were treated with trypsin for a minute and removed off of the 

dish, diluted in culture medium and rocked for one hour to recover from the trypsin treatment. 

For suspension HeLa S3 the trypsin step was not necessary. Half-a-million of the infected cells 

were then incubated with 100µl Cy5 labeled ssDNA pool (resuspended in binding buffer) for 45 

minutes at 4̊ C. Cells were then washed twice with 2.5ml of washing buffer and resuspended in 

250µl binding buffer. Thirty thousand cells were counted on a BD (Becton Dickinson 

Immunocytometry Systems, USA) FACScan flow cytometer using the CellQuest™ acquisition 

software. The fluorescence readouts on channel 1 and channel 4 represented the infection as 

monitored by GFP expression and affinity of the Cy5 labeled pools towards its target, the 

infected cells. The initial unselected library was used as a control for all samples. Similarly the 

affinity of the pools for uninfected adherent HeLa cells was carried out using the DNA pools. 

The data was analyzed using Win MDI 2.9, free software made available on the Internet by J. 

Trotter (Scripps Research Institute, La Jolla).   

Cloning and Sequencing 

Enrichment of DNA pools hit a plateau as observed by flow cytometry. No further 

enrichment was possible and enrichment of DNA for the target reached saturation. This pool was 

then cloned using TOPO cloning kit. TOPO cloning kits are able to insert a Taq amplified DNA 

into a specific vector without using ligases. The DNA pools for cloning were amplified using 

unlabeled primers. The PCR product was directly inserted into the vector by the topoisomerase 

enzyme attached to the free 3' ends of the vector. The reaction was carried out at room 

temperature by mixing the right amounts of vector and PCR product as stated in the TOPO-TA 

cloning kit manual. The mixture was then incubated with chemically competent Escherichia coli 
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(E.coli) cells and the vector transferred by a heat shock at 42°C for 30 seconds. The transformed 

cells are grown in S.O.C medium for 30 mins at 37°C and then spread on ampicillin (100µg/ml) 

and X-gal (40µg/ml) containing LB agar plates. The plates were incubated overnight at37°C. A 

blue/white screening successfully revealed transformed E.coli; white colonies imply the 

successful insertion of the vector with the PCR insert. The white colonies were then picked by an 

automated machine at the Interdisciplinary Center for Biological Research (ICBR) at the 

University of Florida. The plasmids were extracted from the colonies and underwent a rolling 

circle amplification (RCA) reaction. The RCA product from each colony then was subjected to 

Sanger sequencing to identify individual sequences present in the pool. Also, a few DNA pools 

from earlier rounds were also cloned to monitor the evolution of DNA sequences generated by 

such a selective pressure.  

Results and Discussions 

Selection of Aptamers 

Cell-based SELEX methodology which was refined in our lab was used to generate 

aptamers for VV infected cells. We decided to select aptamers against infected cells with two 

main objectives, generate sensitive diagnostic molecular probes which can detect infection and 

develop probes that may have an inhibitory or antiviral property.  Aptamer targets have been 

generated against viral proteins and purified intact viruses but no aptamer has been reported 

which can specifically recognize an infected cell. Keeping in mind the increasing possibility of 

biological terrorist threats we selected VV as a prototype for smallpox, which can be used as a 

biological weapon.  We selected HeLa S3 suspension cells a convenient cell-line due to its 

ability to be infected by VV and grow fast. Also, our previous results with leukemia indicated a 

high level of success with suspension cells, which were easier to deal with when using flow 

cytometry as a method to monitor the progress of SELEX. Our positive cells were the vaccinia 
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infected HeLa S3 cells 18 hours post infection and the negative cells for counter selection were 

uninfected HeLa S3 cells. Understanding the principles of cell SELEX we believed that the 

molecular differences on the cell surfaces of the diseased and healthy cells would provide a good 

model system to generate multiple aptamers for proteins and other unique markers expressed 

only on the surface of the infected cells. This molecular signature will be reflected in the panel of 

aptamers selected using live infected cells as target and help in the diagnosis of infection. Our 

initial attempts to isolate aptamers using HeLa S3 suspension cells could not be completed.   

Although VV completes its replication cycle in 12-24 hours, cell-surface changes do not occur 

immediately upon infection. The processes involved in this SELEX subjected the cells to an 

double insult of infection at a high multiplicity  (moi = 10) and the different shear forces acting 

on them during the infection process due to the impellers and sides of the spinner flask. As the 

infection progresses, the infected cell surface is modified by viral proteins and also becomes 

fragile and porous ultimately leading to cell lysis. At the same time, however, the number of 

apoptotic and/or dead cells increases which can lead to a nonspecific uptake of the DNA 

aptamers inside the infected cells. Since the rationale underlying infected cell SELEX is to 

isolate aptamers that recognize unique cell-surface markers expressed only on the infected cells, 

non-specific uptake of aptamers is counterproductive. Normally, in the SELEX process, the 

aptamer population binding specifically to the cell surface is eluted by heating at 95°C for 5 

minutes and PCR-amplified. Balancing the infection of spinner HeLa S3 cells in a spinner flask 

and controlling the generation of such apoptotic/dead cell population was not possible. Due to 

this, a random appearance and disappearance of shift on x-axis of a flow cytometry graph 

depicting the fluorescence signal due to affinity of DNA pools towards it target was observed. 

One such pool with a shift was cloned which yielded sequences without any homology or a small 
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family of sequences. Figure 2-5 shows inconsistencies observed by dot plots and histograms 

from flow cytometer due to the suspension HeLa S3 cells system used for SELEX. 

Thus, to avoid nonspecific uptake of the aptamer DNA and, at the same time, exploit the 

changes caused by the expression of viral proteins on the surface of infected cells, we decided to 

modify our system and use adherent HeLa cells grown as monolayers in a cell culture flask for 

SELEX. The benefit of using adherent cell SELEX was less dead or apoptotic cells and hence 

less interference in SELEX caused by them. The small amounts of dead cells were washed off 

during the washing steps before incubation of DNA as they fall off the flask easily compared to 

healthy cells. The cell SELEX was carried out at 15 hrs post-infection (hpi) with procedure 

mentioned in the previous section. The progress was monitored using a flow cytometer. The 

increase in affinity of the DNA pool for its target, the VV infected cells, is observed as a shift on 

x-axis of a histogram corresponding the fluorescence signal caused by the fluorophore Cy-5 on 

the DNA bound on the cell-surface of the infected cells. The shift is always compared to the 

starting random library. A steady shift was observed until round 12 which was followed by no 

significant enrichment observable by flow cytometer till round 20, meaning that the pool was 

saturated with sequences binding with high affinity to its targets. Counter SELEX was 

introduced after the 5th round and performed after every other round to remove sequences that 

bound uninfected cells. Flow cytometric analysis of the DNA pools was also done with 

uninfected cells. Figure 2-6 shows the enrichment process as observed on the flow cytometry 

histograms using adherent HeLa cells as the target. 

Alignment 

DNA pools from SELEX rounds 12, 14, 17 and 20 were cloned by using a TOPO-TA 

cloning kit and One Shot™ Escherichia coli. The plasmids with successful insertion of PCR 

product were amplified isothermally using rolling circle amplification (RCA) reaction and 
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underwent Sanger DNA sequencing. Around 850 sequences were obtained and analyzed using 

multiple sequence alignment software Clustal X and Mafft and were grouped in families based 

on homology. 133,134 An enrichment pattern was immediately evident from the analysis, as the 

number of selection rounds increased the sequence diversity decreased and potential aptamer 

candidates with high selectivity and affinity for the target start dominating the pools. Figure 2-7 

is a snapshot of alignment of the individual sequences to identify aptamers that were present in 

multiple clones. The number of duplicate clones (enrichment) from SELEX rounds 12 to 20 is 

represented as percentage (%) of total number of sequences in that round.  Note the increase in 

the percentage (%) of most aptamers in Table 2-1 as selection proceeds. The abundance of 

sequences smaller than the original ssDNA library, especially in later rounds is explained by the 

affinity of these non-specifically amplified PCR products having an affinity for the target and the 

PCR bias towards smaller sized products.  

Dissociation Constants 

Sequences from four different families were further individually tested against the vaccinia 

infected HeLa cells and uninfected HeLa cells monitored on a flow cytometer (Figure 2-8). 

Dissociation constant (Kd) is defined as the strength of binding between the two species, an 

aptamer and its target in this case. Absolute quantitation of the actual affinity of the aptamers for 

its target can only be determined after their identification. But the relative or apparent 

dissociation constants of the aptamer and the unidentified target can be measured to reliably 

predict the actual affinity of aptamer and its target. Many different methods such as Surface 

Plasmon Resonance, Fluorescence Spectroscopy and flow cytometry have been used to 

determine the Kd based on the principe of saturation analysis. 46 We use a flow cytometry based 

protocol to evaluate the apparent Kd of the aptamer and its target expressed on the infected cells 

by measuring the mean fluorescence intensity of the bound aptamer on the surface of infected 
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cells. Since the aptamers were selected with a concentration of 250nM DNA pools it is expected 

that the Kd would be smaller than 250nM. Various concentrations of FITC labeled aptamer was 

incubated with vaccinia infected cells 15 hours post infection and a flow assay performed as 

described previously. The background signal due to non-specific interactions that may be present 

was subtracted by incubating the infected HeLa cells with a scrambled DNA sequence of same 

length. The corrected mean fluorescence intensity with each aptamer concentration tested is 

plotted against the aptamer concentrations. All measurements were done in triplicate. SigmaPlot 

11.0 (Systat Software Inc, San Jose, CA) was used to determine the apparent aptamer-cell 

interactions by fitting the data obtained from flow cytometry to a single site binding model by 

the equation equation Y=Bmax X/(Kd+X). Figure 2-9 shows the curves obtained for aptamers and 

Table 2-1 shows the Kd’s calculated using the statistical software SigmaPlot 11.0 with single site 

saturation model to fit the curve. All the aptamers generated had a high affinity in the nanomolar 

range. 

Competition Experiments 

The aptamers generated so far bind only the vaccinia infected HeLa cells and do not 

recognize uninfected HeLa cells. Of the numerous aptamer candidates we focused on four high 

affinity aptamers. To determine if these four aptamers bind different or similar targets we 

performed a few competition experiments. These experiments would also reveal the actual 

number of unique aptamers we had generated using the cell-SELEX process. In the first 

experiment we added an FITC or Cy-5 labeled aptamer and an unlabeled aptamer in 20x excess 

at the same time to vaccinia infected HeLa cells. The second experiment was done by a 

sequential addition of a labeled aptamer and after 30 minutes of incubation a 20 times excess of 

unlabeled aptamer was incubated for another 30 minutes. In both cases, if the aptamers were 

binding the same target or targets expressed in physical proximity then there will be a loss of 
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binding evidenced by the loss of shift on the flow cytometry histograms. There should be no 

effect on the binding of one aptamer if the aptamers bind two distinct proteins. Experiments with 

all possible combinations of labeled and unlabeled aptamer pairs were performed. Surprisingly  

the results of competition experiment showed  that all the four aptamers which evolved from 

distinct families were competing with each other.(Figure 2-10) This implied that the selected 

aptamers were either binding the same target or spatially or structurally close protein complex. It 

is also possible that the aptamers may recognize different epitopes of the same target. 

Conclusion 

We are the first group to successfully generate aptamers using infected cells. We selected 

aptamers using a VV WR infected HeLa cells. We show the evolution of different families of 

aptamers during selection process. A panel of aptamers was selected and further characterized to 

determine the apparent dissociation constants of the aptamer-cell interactions. The Kd’s of all the 

aptamers were in the low nanomolar range implying a high affinity. The aptamers are also highly 

specific and do not recognize the uninfected cells. Interestingly, all four aptamers competed 

whilst binding the infected cells meaning they may be binding the same target, same target but 

different epitopes or similar targets in near proximity. 
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Figure 2-1.Different methods of separation of bound and unbound nucleic acid molecules during 
SELEX. a. Magnetic separation of streptavidin coated magnetic beads attached to a 
biotinylated target and binding molecules b. Target attached to a surface of a chip and 
unbound molecules washed away while the high affinity molecules remain bound to 
the target c. Affinity column separating the nucleic acid pool on the basis of affinity 
for the target immbolized on the column d. Target is incubated with a random nucleic 
acid library and the unbound nucleic acids are filtered through the nitrocellulose 
membrane whereas the target-aptamer remain bound to the membrane are enriched 
with a pool having high affinity for the target. 

a. b. c. d. 
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Figure 2-2.PCR conditions for the Mg++ ions, primer and template concentrations, temperature, 
etc. were optimized with initial DNA library. The picture depicts a temperature 
optimization step 55°C to 58°C (lane 2-5 and 7) with the initial random DNA library 
and lane1 and 6 as controls without DNA templates at temperature 55°C and 58°C 
respectively along with a 10bp ladder of known molecular weights in lane 8.  

1       2      3      4      5     6      7      8 
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Figure 2-3.Schemata for infected cell SELEX. HeLa cells were infected with vaccinia WR 

expressing GFP with a moi 10. Fifteen hours post infection the cells were incubated 
with a DNA library for 45 minutes at 4°C and the unbound DNA washed away. The 
bound DNA was collected by heating the cells at 95°C for 5 mins. The DNA is PCR 
amplified and used for the next round of selection after generating ssDNA. A counter 
selection step was added after 5 rounds of selection. After 20 rounds of selection the 
enriched pool was cloned and sequenced. The progress of SELEX was monitored 
with a flow cytometer. 

 

Unbound 
 

Bound 
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Figure 2-4.Working principle of Flow cytometer 
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Figure 2-5.Issues related to infection process with suspension cell culture. A. Infection of 
suspension HeLa S3 cells a. HeLa S3 cells maintained at  2*105 cells/ml. b. 
Adsorption of virus @ moi = 10. (w/o FBS) 5* 105 cells/ml on a rotator c. Resuspend 
infected cells @3*105 cells/ml. B. Small variation in suspension HeLa S3 VV 
infected cells due to various effects reflected on flow cytometry dot plots showing the 
forward size scatter on the x-axis corresponding the size of cells and the side scatter 
on y-axis corresponding to the granularity of the cells and C. Variation in 
fluorescence signal (x-axis) of the infected HeLa S3 cells after incubation with 
random DNA library represented as histograms. 
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Figure 2-6.Enrichment of DNA pools observed on flow cytometer to monitor the progress of 
SELEX. a. A slow enrichment of the aptamer pools is observed as shift on x-axis 
caused by the Cy-5 fluorescence signal from pool 9 to 20 with VV WR infected cells 
b. No shift on x-axis indicate that the pools do not bind uninfected HeLa cells  

 
Figure 2-7.Alignment of aptamer sequences using Clustal X alignment software to classify the 

sequences obtained into families based on the number of repeats in each family. A 
few of the sequences were selected for further characterization.

a. b. 
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Table 2-1: Sequences of four individual aptamers selected by SELEX using VV-infected HeLa cells as the target. Also shown are the 
Kds of the individual aptamers. The evolution of aptamers is represented by a decrease in sequence diversity. The 
proportion of the potential aptamer candidate depicted as percentage increases in the selected pool as SELEX progresses   

 
Name 
(No. 
of 
bases)  

Aptamer Sequence  Kd 
nM 

Evolution of  Aptamers  from 
SELEX rounds 
12         14         17         20 

PP2 
(72)  

ATCCAGAGTGACGCAGCA 
CACCGTTTGTATTCTGCATTGTTTTGCATTCTACA 
TGGACACGGTGGCTTAGT  

122.63 ± 17.13 16.4  20.3  28.4  32.2  

PP3 
(77)  

ATCCAGAGTGACGCAGCA 
CGAGCCAGACATCTCACACCTGTTGCATATACATTTTGCA 
TGGACACGGTGGCTTAGT  

3.24 ± 0.63 5.3  8.8  11.8  9.0  

PP4 
(75)  

ATCCAGAGTGACGCAGCA 
TCGACCTCTGTGCGAGCGGGTTGCATATATATTTTGCA 
TGGACACGGTGGCTTAGT  

1.45 ± 0.30 14.3  12.1  12.9  7.5  

PP5 
(66)  

ATCCAGAGTGACGCAGC 
CACTTGCATATACACTTTGCATTATAGGG 
 TGGACACGGTGGCTTAGT  

27.54 ± 3.70 0  0.7  2.1  7.8  

%          %         %          % 
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Figure 2-8.Individual aptamers tested against infected and uninfected cells. a. A shift observed 

on x-axis due to binding of FITC labeled aptamers PP2, PP3, PP4 and PP5 implies 
recognition of VV WR infected HeLa cells b. Aptamers do not bind the uninfected 
Hela cells 
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Figure 2-9.Apparent dissociation constants of the aptamer - target interaction was calculated by 

measuring the difference in mean fluorescence intensity of the aptamer and random 
DNA library bound on the surface of VV WR infected HeLa cells with a flow 
cytometer and statistical software SigmaPlot 11.0.a. Aptamer PP2, b. Aptamer PP3, c. 
Aptamer PP4 d. Aptamer PP5

∆ 
Fl

uo
re

sc
en

ce
 

∆ 
Fl

uo
re

sc
en

ce
 

a. b. 

c. d. 

  
Apparent Kd Apparent Kd 

Apparent Kd Apparent Kd 

PP2 PP3 

PP4 PP5 

∆ 
Fl

uo
re

sc
en

ce
 

∆ 
Fl

uo
re

sc
en

ce
 

 
 

 
 

  



 

70 
 

Table 2-2: Apparent dissociation constants of aptamers PP2, PP3, PP4 and PP5 binding to their 
targets expressed on VV WR infected HeLa cells. Software SigmaPlot 11.0 Equation: 
Ligand Binding, one site saturation: f = Bmax*abs(x)/(Kd + abs(x)).Results for the 
Overall Best-Fit Solution 

PP2 
R   Rsqr   Adj Rsqr  Standard Error of Estimate 
0.9938  0.9876  0.9863  0.7207  
 
  
 Coefficient Std. Error t P 
Bmax 20.2553  1.0743 18.8551 <0.0001 
Kd 122.6352  17.1386 7.1555 <0.0001 
 
PP3 
R   Rsqr   Adj Rsqr  Standard Error of Estimate 
0.9739  0.9486  0.9412  1.7112  
 
 
  Coefficient Std. Error t P 
Bmax 24.9233  0.9122 27.3236 <0.0001 
Kd 3.2479  0.6328 5.1324 0.0014 
 
PP4 
R   Rsqr   Adj Rsqr  Standard Error of Estimate 
0.9534  0.9090  0.8938  1.1451  
 
 
  Coefficient Std. Error t P 
Bmax 17.2793  0.6085 28.3987 <0.0001 
Kd 1.4591  0.3072 4.7499 0.0032 
 
PP5 
R   Rsqr   Adj Rsqr  Standard Error of Estimate 
0.9936  0.9873  0.9857  0.4472  
 
 
 Coefficient Std. Error t P 
Bmax 10.5334  0.3685 28.5835 <0.0001 
Kd 27.5428  3.7040 7.4359 <0.0001 
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Figure 2-10.Competition experiments with aptamers. Aptamer PP3 binds VV WR infected HeLa 

cells but in presence of 10x excess unlabeled aptamers PP2, PP3, PP4 and PP5. No 
shift is observed on the flow cyometer histogram due to a competition between the 
aptamers which bind to the same target or targets which are in close physical 
proximity.  
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CHAPTER 3 
TARGET IDENTIFICATION OF AN APTAMER SELECTED FOR VACCINIA VIRUS 

INFECTED CELLS 

Introduction 

Biomarkers are used as indicators of disease. 60,61 Infected cell-SELEX, by its very nature 

generates a panel of aptamers which reflects the molecular signature of the target infected cells 

in comparison with uninfected cells. This panel or an array of such aptamers together can be 

used as an indicator of presence of infection, i.e. as a potential biomarker. Alternatively, the 

identification of the aptamer target will reveal information unique to the state of infected cells. 

This information, related to the change in the state of infected cells, can directly be used for the 

prognosis of disease. We used these molecular differences on the surface of VV infected cells to 

generate aptamers. The target recognition of these cell-surface biomarkers can be used to detect 

infection, and the aptamers generated can be developed as probes for diagnostics and 

therapeutics. 

A number of orthopoxviruses, for example, variola (now extinct), vaccinia variants, 

cowpox, monkeypox, etc., are able to infect humans. Most of the infections are non-lethal in 

humans with the exception of monkeypox and smallpox. 135 Diseases caused by different 

orthopoxviruses need to be differentiated for obvious reasons. Most othropoxviruses have 

multiple infectious forms and generate discrete changes on the surface of the infected cell. The 

identification of these changes can be done by generating a panel of aptamers with SELEX using 

different viruses. Some very interesting features specific to poxviruses, such as non-genetic 

activation of an inactive orhtopoxvirus by addition of other active orhtopoxvirus and homologus 

recombination of different orthopoxviruses to generate new recombinant viruses, are of great 

importance in light of terrorist threats and public safety in general. 136,137 Infected cell-SELEX 

can be used in these situations to extract a map of changes caused by any of these circumstances. 
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Proteinases and Glycosylation Inhibitors 

A VV infection will cause numerous changes inside and on the surface of infected cells. 

We generated aptamers targeting the cell surface of VV infected cells. The cell surface is 

comprised of lipids, carbohydrates, proteins, and modified proteins such as lipo-proteins, glyco-

proteins, etc.  First and foremost, the question to be answered was if the target was virally 

encoded or was the result of a change in the host due to the infection. A simple experiment was 

performed to determine this. We used different cell lines as hosts, infected them with VV WR 

and tested for aptamer recognition by flow cytometry. The next task was to determine if the 

target was a carbohydrate or a protein or a modified protein. We started our investigation by 

using proteinases. Proteinases are enzymes that hydrolyze peptide bonds. We used trypsin, a 

serine proteinase, to digest the proteins expresses on the surface of the infected cells. If the 

aptamer loses binding after proteinase treatment it implies that the target of the aptamer is a 

protein, which was the case for our selected aptamer. We then used the specificity of aptamers 

generated for VV infected cells to investigate its target protein using different VV strains, viz. 

VV IHDJ, VV IHDW and different orthopoxviruses such as cowpox, rabbitpox, and myxoma. 

The cell surface protein expression caused by infection of these viruses is well studied and some 

major differences are well documented. The binding pattern of the aptamer to cells infected with 

these various viruses not only will reveal its specificity, but may also indicate a target protein 

candidate.  

Glycolipids and glycoproteins are also present in huge amount on the cell surface. 

Modification of these molecules is an enzymatic process called glycosylation. Vaccinia is known 

to generate a few glycosylated proteins on the surface of infected cell. To further investigate if 

the target of an aptamer is a protein or a glycoprotein, we performed tests using different 

inhibitors for glycosylation process. Tunicamycin and monensin were two very specific 
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glycosylation inhibitors, which were used for experiments to determine if the target was a 

glycoprotein. 138 

Alphascreen™ 

AlphaScreen™ is a bead based technology to study molecular interactions in a high 

throughput format.139 The term ALPHA stands for Amplified Luminescent Proximity 

Homogenous Assay. It is based on a luminescent oxygen channeling immunoassay (LOCI®) 

developed by Dade Behring, Inc. (Germany). 140  

AlphaScreen contains two types of beads, donor beads and acceptor beads. The beads are 

made of latex and of very small size with an average diameter of 250 nm. Self aggregation and 

nonspecific binding is prevented by coating the beads with a hydrogel, which also provides a 

reactive aldehyde group on the surface on the beads for conjugation of biomolecules. The small 

size of the beads provides a large surface area for conjugation and is used at a low concentration 

of 20µg/ml. Also, the size confers other advantages, such as the beads do not sediment in buffers 

and do not clog small pipetting tips yet are still large enough to be centrifuged and filtered 

without the need of any chromatography to purify the beads after conjugation of the 

biomolecules. The beads can also be used at high temperatures (in a PCR reaction based assay) 

and also in lyophilized format. The donor beads contain a photosensitizer, phthalocyanine, which 

converts ambient oxygen to a singlet oxygen, which is molecular oxygen with a single excited 

electron, upon illumination at 680 nm. Singlet oxygen has a limited lifetime; its half life is 4 

µsec, and it can diffuse approximately 200 nm in solution. If an acceptor bead is within that 

proximity, energy is transferred from the singlet oxygen to thioxene derivatives on the acceptor 

beads which lead to light production at 520-620 nm. In absence of acceptor bead, singlet oxygen 

loses its energy and falls to ground state and no signal is produced. The proximity of beads 

depends on the biological interaction between the biomolecules bound to the beads. The donor 



 

75 
 

beads are generally conjugated with streptavidin. They bind to a biotinylated binding partner and 

the acceptor beads are conjugated with different antibodies depending on the requirement, for 

example, anti-HIS, anti-FLAG, anti-IgG, etc. The background signal is low due to multiple 

reasons. First of all, the measurements are done in time resolved mode, eliminating all the 

fluorescent background from the assay mixture and plates. Second, the signal is read at 

wavelength (520-620 nm) lower than the excitation wavelength (680 nm) where few 

biomolecules interact. As this assay is homogenous no washing steps are involved, and with a 

small sample volume 5µl, the assay can be performed a number of times in a high throughput 96 

or 384 well plate. 

Materials and Methods 

Cell Culture 

Adherent HeLa, CV1 (African Green Monkey Kidney Fibroblasts), RK13 (Rabbit Kidney 

Epithelial cells) and PK15 (Pig Kidney Epithelial cells) cells obtained from ATCC were cultured 

in F11 medium with usual supplements as described in the previous chapter. The cell culture was 

maintained in 75cm 2 tissue culture cell flasks at 37°C and 5% CO2. Cells were split by 

incubating with 0.05% Trypsin –0.53mM EDTA without Ca++ in Hanks Balanced Salt Solution 

for 3-5 minutes at 37°C. Detached cells were re-dispersed in aliquots with fresh medium in new 

flasks. 

Viruses 

Virus stocks of vaccinia virus WR (VV WR), vaccinia virus with T7 polymerase (VV T7), 

cowpox virus (CPV), rabbitpox virus (RPV) and myxoma (Myx) were grown and tittered using 

CV-1 cells as described in the previous chapter. 
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Flow Cytometry 

Different cell lines 

Vaccinia virus infected adherent HeLa, CV-1, RK-13 and PK15 cells were treated with 

trypsin for a minute and removed from the dish and diluted in culture medium and rocked for 

one hour to recover from the trypsin insult. A million infected cells were then incubated with 

100µl of 250nM FITC labeled aptamer (resuspended in binding buffer) for 45 minutes at 4̊C. 

Cells were then washed twice with 2.5ml of washing buffer and then resuspended in 250µl 

binding buffer. Thirty thousand cells were counted on a BD (Becton Dickinson 

Immunocytometry Systems, USA) FACScan flow cytometer using the CellQuest™ acquisition 

software. The initial library was used as a control for all samples. Similarly the affinity of the 

pools for uninfected adherent HeLa, CV-1, RK-13 and PK-15 cells was carried out using the 

same conditions.  

Proteinase  

The experiments were conducted with two different methods. In the first method, VV 

infected HeLa cells underwent trypsin treatment for 10 minutes and then were immediately 

subjected to incubation with 200µl FITC labeled aptamer at 250nM concentration for 45 minutes 

at 4°C. In the second method, the cells undergo a one hour recovery period after initial 

trypsinization, simulating the exact same conditions used for monitoring aptamers and then 

trypsinized again for 10 minutes before incubation with the aptamer or library. Cells were then 

washed twice with 2.5ml of washing buffer and then re-suspended in 250µl binding buffer. 

Thirty thousand cells were then counted on the flow cytometer with cells incubated with a 

random library or a scrambled DNA sequence as a reference or control sample. 
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Different Viruses 

In this experiment, adherent HeLa cells were infected with different viruses such as VV 

WR, VV IHDJ, VV IHDW, cowpox virus, rabbitpox virus and myxoma at moi = 10. Cells were 

monitored for aptamer recognition 15 hours post infection by trypsinization, a one hour recovery 

and then the usual incubation and washing steps as mentioned above. 

Glycosylation Inhibitors 

HeLa cells were infected at a moi = 10 with VV WR in the presence of 5 µg/ml 

Tunicamycin or Monensin, which inhibit the N-linked or O-linked glycosylation, respectively of 

the newly synthesized viral proteins. Infected cells undergo the usual steps of trypsin assisted 

detachment and incubation with aptamer before being counted on the flow cytometer as 

described previously. 

Alphascreen™ 

CV-1 cells were grown in a 12-well flask until confluent and infected with a VV 

containing a T-7 polymerase (VV-T7) at a moi = 5. The inoculum was removed and the virus 

was adsorbed on the CV-1 monolayer for one hour on a rocker and then 1ug of plasmid DNA in 

Opti-MEM medium with 2.5µl of Lipofectamine 2000 was added to express a myc-His tagged 

vaccinia encoded proteins B5, Hemagglutinin (HA) and SPI-3.  

The experiments were performed in two ways. In the first method, biotinylated aptamer 

was incubated with the cells and then lysed and further processed. In the second method, the 

cells were lysed, incubated with a biotinylated aptamer and then further processed. The cells 

were detached by scraping of the dish using a rubber policeman or a rubber tip at the ends of a 

piston of a 1 ml syringe. The lysate was centrifuged at 8000 rpm, and the cell pellet resuspended 

in IP buffer containing 100 mM NaCl, 100 mM Tris, pH 8.0, 0.5% NP-40, 25µl/ml Roche 

complete protease inhibitor, kept on ice for 5 minutes and spun at 13000 rpm for 5 minutes. Each 



 

78 
 

alphascreen assay uses only 5 µl of the supernatant. The supernatant is then incubated with 

acceptor beads (20 µg/ml), which recognize the protein tag. The aptamer is added at this step in 

the second method. . The incubation step is carried out in the dark for 1.5 hours. After this 

incubation, the donor streptavidin beads (20 µg/ml) that recognize the biotinylated aptamers are 

added and mixed by pipetting with the supernatant for 1.5 hours in the dark. The final reaction 

volume was 25 µl. The assays are carried out in a 384 well-plate and read on an Envision plate 

reader alphascreen instrument from Perkin Elmer. . 

Protein Gel 

Uninfected CV-1 cells and VV infected CV-1 cells were lysed using IP buffer. The 

concentration of protein was determined using Bio-Rad protein assay based on the Bradford 

method, which involved the addition of an acidic dye BrillianctBlue G-250 that changes colors 

when protein binding occurs.  Equal concentrations of the protein mixture from each sample was 

separated by denaturing SDS-PAGE gel electrophoresis (Sodium Doceyl Sulphate  

PolyAcrylamide Gel Electrophoresis) using a 12% PAGE resolving gel. Samples were loaded 

along a know protein Kaleidoscope (Bio-Rad, CA) and run at a constant voltage, 200V, for 2 

hours in a Tris/HCl buffer pH 6.8. The gels were either used for a western blot or stained using 

the following protocol. The gel was first washed with a 95% ethanol/water (v/v) with 10% acetic 

acid/water (v/v) for 1 hour and then fixing the gel with 50% methanol/water (v/v) with 10% 

acetic acid/water (v/v) overnight at room temperature. The gel was stained with Coomasie R-250 

stain (0.1 % w/v Coomasie stain in 20% methanol/water (v/v) and 10% acetic acid/water (v/v) 

for 6 hours. The gel is destained overnight with gel destaining solution which is the same as the 

solution used for gel fixation. The gel was then incubated with a 5% acetic acid/water (v/v) 

solution for an hour and used for mass spectrometry or stored infinitely in the dried form using a 

Bio-Rad gel drier. 



 

79 
 

Western Blot 

Transfer of proteins form the gel to a nitrocellulose membrane was performed by using 

semi-dry method of Western Blotting. The gel was stacked with two 3 mm Bio-Rad filter papers 

on either side with a nitrocellulose membrane on one side in a Bio-Rad electroblotter. All air 

bubbles were eliminated to ensure the transfer of proteins. A transfer buffer composed of 

190mM glycine, 25 mM Tris, 20% methanol in water, was used to wet the filter paper and 

nitrocellulose membrane. The transfer was carried out at a constant current of 0.2 A (200mA) for 

1 hour. The membrane was removed from the assembly and blocked overnight at 4°C in 

blocking buffer (5% nonfat milk in 0.1% TBST). The western blot was incubated with anti-His 

antibody for 1 hour at room temperature in blocking buffer and washed 6 times for 10 minutes 

each at room temperature with 0.1% TBST. The membrane was then incubated at room 

temperature with the appropriate dilution of HRP conjugated secondary antibody in the blocking 

buffer and again washed 6 times for 10 mins each at room temperature with TBST. The detection 

was done by using an appropriate HRP conjugated secondary antibody and chemiluminescent 

reagent from the Amersham ECL kit for Western blot. An X-ray film was used to store the 

results of the blot. 

Results and Discussions 

Flow Cytometry  

Cell surface consists of proteins, lipoproteins, glycolipids and other essential components. 

The nature of the aptamer target was identified by conducting a protease experiment. Trypsin 

was used to remove proteins expressed on the surface of infected cells. Infected cells were first 

exposed to trypsin for 10 minutes and then incubated with aptamer PP3 using the standard 

protocol and observed using a flow cytometer. The loss of binding ability of the aptamer to its 

target, as shown in the Figure 3-2, implied that a protein was the target of the aptamer PP3. 
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Aptamers selected using VV infected HeLa cells were tested with different cell-lines, viz. 

CV-1, RK-13 and PK-15 infected with VV WR. Fifteen hours post infection; the cells were 

incubated with aptamers using the standard binding assay and monitored on a flow cytometer. 

The aptamer recognized all the infected cell-lines and none of the uninfected cell-lines (Figure 3-

3 a-f). This implied that the aptamer recognized a target which was not a host factor or response 

to process of infection, but the target of these aptamers is a virus-encoded protein synthesized in 

a cell line independent manner.  

Initially, we examined cells infected with different orthopoxvirus related to VV as it would 

be reasonable to expect that the virus protein target should be conserved among most, if not all, 

of them. Therefore, aptamer PP3 was then tested against cells infected with additional 

orthopoxviruses, including cowpox, vaccinia IHD-J, vaccinia IHD-W and rabbitpox viruses. As 

a non-orthopoxvirus control, we also examined cells infected with myxoma virus, which, unlike 

VV, belongs to the leporipoxvirus genus of the poxvirus family. These viruses are well studied, 

and their whole genomes have been sequenced. 141-143 Aptamer PP3 recognized cells infected by 

cowpoxvirus, as well as vaccinia strains WR and IHDJ, but it did not bind cells infected with 

rabbitpoxvirus, VV IHDW or myxoma viruses (Figure 3-4). The failure of rabbitpox and VV 

IHD-W to bind aptamer PP3 was initially unexpected.  However, one difference among the VV 

strains WR, IHDJ, IHDW, and the cowpox and rabbitpox viruses is that the WR, IHDJ and 

cowpox each synthesizes a  hemagglutinin  (HA, also known as A56R) , but the gene is defective 

and the protein absent in both IHDW and rabbitpox virus infected cells. Myxoma virus, does not 

encode a hemagglutinin.144,145,146,147 Multiple cell-lines, such as CV-1, RK13 and PK15 were 

used to consolidate and confirm the results. These results would be consistent that HA or  

proteins which are closely associated with HA, such as SPI-3 or a HA-SPI-3 complex might be 
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the target of the aptamer PP3.148 Alphascreen experiments were performed to further confirm the 

target of aptamer.  

 Frequently, cell-surface proteins are modified by lipids or carbohydrates. It is possible that 

the aptamer recognizes the associated sugars or lipids instead of recognizing the HA protein. HA, 

is a glycoprotein synthesized throughout the infection and is expressed on the cell membrane 

surface of an infected cell and also on the surface of extracellular enveloped virus.  It is a 

functional protein and named for its property of agglutination of chicken erythrocytes. HA is 

expressed by two different promoters, an early and a late promoter. 147 Two forms of HA (an 85 

and a 68 kDa ) protein are produced during a VV infection, and they are thought to have 

different glycosylation patterns. 149 To investigate if the glycosylation was important in aptamer-

target interactions, we used infected CV-1 cells in presence of glycosylation inhibitors.  

Tunicamycin is an antibiotic that inhibits the enzyme GPT (GlcNAc phosphotransferase) 

and blocks the synthesis of all N-linked glycoproteins. Similarly, monensin is an antibacterial 

that stops the synthesis of O-linked glycosylation.147,150 These antibiotics affect the transport of 

protein to the cell surface and substantial amounts of protein remain in the cytoplasm. VV 

infected cell recognition by aptamer PP3 was affected when the cells were infected in the 

presence of 5µg/ml tunicamycin or monensin. Infected cells are recognized by aptamer PP3 in 

Figure 3-5a but shows only a small shift in presence of glycosylation inhibitors tunicamycin 

(Figure3-5b) and monensin (Figure 3-5c). This could either mean that the loss of shift results 

from poor trafficking of unglycosylated HA to the membrane or that the molecular recognition 

element of aptamer-target recognition is associated with sugar residues and not only with protein 

element of HA.  To confirm the role of glycosylation pattern in recognition of infected cells with 
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aptamer PP3 additional experiments were carried out with cell-lysate containing the membrane 

and intracellular HA produced in presence of inhibitors. 

AlphaScreen™ 

HA in vaccinia is closely associated to the SPI-3 protein. HA and SPI-3 both colocalize on 

the infected cell membrane surface and the EEV form of the virus. It was shown previously that 

for correct localization of SPI-3 on plasma membrane requires HA. 148 Also HA was necessary to 

retain SPI-3 on the surface of infected cells. This information along with the previous flow 

cytometry results for the target identification would also be consistent with SPI-3 instead of HA 

as aptamer target. An AlphaScreen assay was therefore performed by overexpressing myc-His 

tagged HA, SPI-3 and a third viral protein, B5. The viral B5 protein is another protein expressed 

on the surface of infected cells but has not been reported to colocalize with HA or EEV. The 

myc-His tag was on the N-terminus of the proteins. A protein gel was run and a preliminary 

western blot was performed to compare the expressed myc-His tagged proteins using anti-His 

antibody with total cell lysates used for AlphaScreen™. The assay was performed with 

comparable amounts of the overexpressed myc-His tagged proteins. The myc-His tagged 

proteins in the total cell lysate were incubated with anti-His acceptor beads and aptamer PP3 for 

1.5 hrs in dark and then allowed to interact with streptavidin coated donor beads for another 1.5 

hrs in dark. A huge signal increase was observed only for the myc-His tagged HA protein and the 

biotinylated aptamer PP3, other samples containing control scrambled sequence (named TD05) 

and SPI-3 and B5 samples did not show any significant signal.  Figure 3-6 depicts the results of 

this experiment. This experiment further suggested HA as the aptamer target. The data presented 

thus far would be consistent with the aptamer target being the HA protein.  However, any of the 

ancillary proteins dependent on HA for cell surface trafficking would also give the same pattern 

of aptamer recognition with the orthopoxviruses we examined as absence of the HA, would 
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prevent such proteins from reaching the cell surface as the aptamers were generated against cell 

surface proteins.   To provide further evidence that HA is the target of aptamer PP3; we devised 

an experiment that used BSR T7 cells which express T7 RNA polymerase constitutively. These 

cells were infected with rabbitpox virus and transfected with plasmids containing either tagged 

VV SPI-3 or VV HA under the control of T7 promoter 151.  Samples for this experiment, use the 

entire cell extract and hence provide a complete virus protein background except for the HA 

protein. No signal was observed for SPI-3 overexpressing RPV-infected BSR T7 cells, thus 

eliminating SPI-3 and other proteins from the entry fusion complex  that interacts directly  with 

the SPI-3-HA multimer 152,153. Only the tagged HA sample showed a signal with aptamer PP3, 

further suggesting HA as the target of aptamer PP3 (Figure 3-7).  

An AlphaScreen™ assay was conducted on samples in presence and absence of 

tunicamycin or monensin. This was done to investigate the results obtained by flow cytometry 

that showed a small shift for the unglycosylated HA expressed on the surface of infected cells 

and aptamer PP3. The assay was carried out with total cell lysate which includes the intracellular 

HA that does not reach the cell surface membrane in presence of inhibitors. A reduced signal 

was observed for cells infected in presence of tunicamycin and monensin (Figure 3-8). This 

assay also ruled out the possibility that the cause of the smaller shift in flow cytometry 

experiments is due to low expression of target proteins on infected cell surface. This meant that 

the glycosylation pattern of HA plays an important role in aptamer recognition. 

Conclusions 

In conclusion, we have identified the target of the aptamer PP3 selected using VV infected 

cells. The target is shown to be the virally encoded glycoprotein HA. The target identified is 

interesting due for several reasons. First of all HA is a functional protein, and it inhibits the 
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fusion of infected cells. In addition, although HA is not abundant, it is one of the most antigenic 

proteins expressed by vaccinia. Infected cell SELEX led to the generation of aptamers for the 

most antigenic protein, not for the most abundant protein. This is an interesting development in 

the aptamer field. 
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Figure 3-1.Principle of AlphaScreen™. a. Illumination with 680nm light results in emission of 

520-620 nm light via a singlet oxygen amplification step if the donor and the acceptor 
beads are within a distance of 200nm. b. With non interacting beads no emission of 
light is observed 

  

  
Figure 3-2.Aptamer does not recognize VV WR infected cells after proteinase treatment. 

Aptamer PP3 binds VV WR infected HeLa cells but after incubation of VV WR 
infected cells with trypsin for 10 mins the aptamer loses its binding ability implying 
that its target, a protein, is digested by trypsin. 
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Figure 3-3.Aptamers can recognize different cell lines, including CV-1, RK13 and PK15 cells, 

infected with VV WR. (a) Aptamers bind CV-1 cells infected with VV WR, but (b) 
do not bind uninfected CV-1 cells. (c) VV WR-infected RK13 cells are recognized by 
aptamers, but (d) do not bind uninfected RK13 cells. (e) Aptamers bind PK-15 cells 
infected with VV WR, but (f) do not recognize uninfected PK-15 cells. Thus the 
selected aptamers recognize a virally encoded target. 
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Figure 3-3.continued 
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Figure 3-4.Aptamer PP3 binds HeLa cells infected with different viruses. HeLa cells infected 
with Hemagglutinin (HA) expressing strains of VV are recognized a. VV WR b. VV 
IHDJ, and non-HA expressing strain is not recognized c. VV IHDW. Similarly 
orthopoxviruses such as d. cowpox virus, which expresses HA binds aptamer PP3 but 
non-HA expressing orhtopoxviruses such as e. rabbitpox virus and f. myxoma virus 
infected HeLa cells are not recognized by aptamer PP3. 
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Figure 3-5.Aptamers recognize glycosylated protein HA encoded by VV. a. Aptamer PP3 shows 

a small shift with CV-1cells infected with VV WR in presence of 5µg/ml tunicamycin 
an inhibitor of N-type glycosylation and c. in presence of 5µg/ml monensin an O-type 
glycosylation inhibitor. Aptamer recognition is affected by the glycosylation pattern 
of HA 
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Figure 3-6.AlphaScreen™ confirms Hemagglutinin (HA) as the target. Cell lysastes 

overexpressing a myc-His tagged proteins gfp (control), spi-3, HA and B5 were 
probed using biotinylated aptamer PP3 and a control sequence TD05. The assay 
showed a signal only for A56 (i.e. HA) interacting with Aptamer PP3 and not for 
other control proteins and DNA sequence and confirmed HA as the target of aptamer 
PP3. 

 

Figure 3-7.AlphaScreen™ with cell lysates from BSR T7 cells,which express T7 RNA 
polymerase infected with RPV at moi = 5.0, transfected with plasmids to overexpress  
myc-His-tagged VV HA and SPI-3. RPV-infected only cells and SPI-3 samples show 
a nonspecific background signal with aptamer PP3 and DNA library.
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Figure 3-8.The interaction between myc-His tagged HA and the aptamer is reduced in presence 

of glycosylation inhibitors. CV-1 cells infected in presence of 5µg/ml tunicamycin or 
monensin that are N-linked and O-linked glycosylation inhibitors respectively show 
reduced interaction between aptamer PP3 and myc-His tagged HA. Thus, the 
glycosylation pattern of plays a role in recognition of HA by aptamer PP3 



 

93 
 

CHAPTER 4 
APPLICATION OF AN APTAMER SELECTED FOR VACCINIA VIRUS INFECTED 

CELLS 

Introduction 

Aptamers have been used in various applications, especially as diagnostics and 

therapeutics. SELEX can generate aptamers for small molecules, peptides, proteins and complex 

targets such as cell lysates, cell membranes and whole cells and viruses. These aptamers are 

easily modified to generate biosensors for detection of cancer, infectious diseases or the presence 

of drugs such as cocaine in biological samples. 118 Also, some of the aptamers selected can 

inhibit the function of a protein or a signaling cascade and some aptamers generated against viral 

proteins or whole viruses have shown inhibitory properties making them useful as a therapeutic 

agents.104,114  The conversion of an aptamer from binding agents to useful molecular probes has 

been explored using an aptamer generated using VV infected cell SELEX. 

Detection of Infection 

The project to generate aptamers for VV infected cells was initiated with the goal to 

generate highly specific molecular probes that can recognize infected cells. We have selected an 

aptamer with high affinity and specificity for HA expressed on the surface of VV infected cells. 

The aptamer probes were generated using optimized buffer conditions, and their performance in 

complex biological samples was tested. We increased the buffer complexity by including fetal 

bovine serum and human plasma. The gold standard for biological fluids- whole blood was also 

used for recognition of infected cells using aptamers. We used flow cytometry to monitor this 

binding. Flow cytometers are expensive and are not practical for use in the field in case of a 

bioterror attack, instead we used microscope to detect the binding of flurophore labeled aptamers 

to infected cells which is more practical. New microscopes allow high-throughput imaging of 96 

or 384 well plates for a quick analysis of a large number of samples.  
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Antiviral Aptamers 

Antivirals are drugs which inhibit virus growth and reproduction. Aptamers are similar to 

antibodies and likewise may be used as an effective pharmaceutical drug. SELEX based drug 

discovery against the whole virus or the viral antigen can be completed fairly quickly compared 

to the conclusion of traditional antiviral drug discovery methods. The antiviral activity of the 

aptamer is measured either by viral replication inhibition, blocking the entry of viral particles or 

the inhibition of critical functions of virus by binding its target. 112  The assays used to measure 

the activity can either be intracellular or extracellular depending on the virus. 115,116 To date, anti-

HIV aptamer drug candidates have been developed against Tat, Rev and reverse transcriptase 

(RT) and are under various phases of drug development. 113-115 Other aptamer therapeutic 

candidates with antiviral properties are being developed for various infections, such as hepatitis 

C virus, cytomegalovirus, respiratory syncytial virus, etc.112 An anti-HA aptamer for influenza 

virus showed anti-viral activity by blocking the receptor binding sites. 116 Aptamers generated 

using VV infected cells targeting the viral protein hemagglutinin (HA) were also tested for their 

anti-viral activity using two different extracellular assays.  

Analytical Applications of the Selected Aptamer 

Biosensors based on aptamers are currently a very hot topic of research due to advantages 

of aptamers such as quick turnaround time compared to the traditional methods. Pathogen 

detection using aptamer based biosensors can be broadly split into four different categories. The 

first category is based on the principle of ELISA; the second is based on nucleic acid 

amplification methods such as polymerase chain reaction or rolling circle amplification, the third 

category sensors are based on various signal transduction methods such as optical, 

electrochemical, magnetic due to the change in the structure or confirmation of aptamer on target 

recognition; and the final category is based on nanoparticle based biosensors. 154 We used the 
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aptamer recognizing HA with dye-doped silica nanoparticles to recognize VV infected cells. The 

same technology can further be applied to monitor the infection in vitro or in vivo, not only by 

fluorescence, but also by MRI, PET or other readily available diagnostic methods by doping the 

silica nanoparticles appropriately. Aptamers can also be used to study basic molecular biology, 

for example, aptamers for southwestern blot or in techniques similar to immunoprecipitation, use 

aptamer-precipitaion to confirm the presence of the target. 

Materials and Methods 

Imaging Infected Cells 

CV-1 cells were cultured on 8-well or 4-well slides with F-11 media with standard 

supplements at 37°C and 5% CO2. The cells were adsorbed with VV WR at a multiplicity of 10 

for an hour in medium without serum. The inoculum was removed and medium with 10% FBS 

was added to the wells. Fifteen hours post infection, the cells were washed two times with 

washing buffer and incubated with 200 nM aptamer PP3 or with a random 80mer dna sequence 

for 1 hour at 4°C and washed two times with 200µl washing buffer. Alternatively, the cells can 

be fixed either before or after the incubation of aptamers by the addition of PBS and 4% 

formaldehyde for 10 minutes at room temperature and quenching by PBS with 20mM glycine for 

5 minutes. Cells washed with PBS were blocked with PBS plus 10% FBS for 10 minutes if cells 

were fixed before aptamer incubation. The slides were then covered with nuclei staining DAPI 

containing mounting medium VectaMount™. The imaging was done on an inverted fluorescence 

microscope Zeiss Axiovert 200M. 

Imaging Infected Tissues 

Lung from infected mice were sectioned horizontally, placed in a tissue cassette and 

immediately placed in 10% formalin for 12-18 hrs at room temperature. The tissues were 

embedded in paraffin and sectioned to 4 µm thickness sections at the Molecular Pathology Core 
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at the University of Florida. The paraffin was removed before staining by following the solvent 

series: xylene for 5 minutes two times, 100% ethanol for 2 minutes for two times, 95% methanol 

for 3 minutes, 70% methanol for 1 minute, water for a minute, TBST buffer for 5 minutes. The 

tissues section slides were blocked for non-specific interactions by incubating with a 10µM 

random DNA library for 10 minutes in a humidified chamber. The slides were then incubated 

with 250nM biotinylated aptamer PP3 which recognizes vaccinia HA for an hour in the 

humidified chamber followed with a secondary incubation with streptavidin linked Texas Red 

for another 30 minutes. The slides were then washed with water and coverslipped using DAPI 

containing VectaMount™ mounting medium. The imaging was done on the Zeis Axiovert 200M 

fluorescence microscope and the image analysis was done using Axio Vision 4.2 program from 

Carl Zeiss Vision, Germany. 

Flow Cytometry 

VV infected cells were analyzed by flow cytometry to assess the recognition abilities of the 

aptamer in complex biological media. The experiments were carried out in the presence on 

different concentrations of FBS, human plasma, rabbit serum and rabbit blood. The remainders 

of the conditions for the binding assay were the same as mentioned in previous sections. 

Aptamers were used to recognize different cell types harvested from organs of infected mice. 

Spleen and lung of infected mice were passed through a wire mesh by gently rubbing with 

syringe plunger. The cell/PBS mixture was passed through a 0.7 µm filter and spun at 2000rpm 

for 5min and resuspended in 5ml  0.84% NH4Cl on ice for 5 minutes to lyse red blood cells. The 

sample was spun again at 2000rpm and once again incubated with 0.84% NH4Cl on ice for 5 

minutes. The cells were count on a hemacytometer and resuspended to give a single cell 

suspension at a concentration of 107cells/ml. For each antibody, CD14, CD25 and Ly6G, 200µl 

of the cells were blocked with 2µl of Fc mouse block and stained with 2µl antibody 
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simultaneously, for 30 mins, on ice, in the dark. Samples were then spun at 2000rpm for 5min 

and resuspended in 250µl of binding buffer containing a 7.5µl of 10µM Cy-5 labeled aptamer 

and incubated for 30 minutes at 4°C. After incubation, the cells were washed twice with 500µl 

washing buffer and resuspended in cell fixing solution containing 2% paraformaldehyde in PBS. 

Bionanotechnology 

We used dye-doped silica nanoparticles (NP) as an example of an application of 

bionanotechnology to detect infection.  FITC doped silica nanoparticles with an average size 

67.1nm ±   6.0nm were made using the Stöber method, and tris (2, 2’-bipyridyl)-

dichlororuthenium (Ⅱ) hexahydrate (RuByPy) doped silica nanoparticles (44.9 nm ±   2.9 nm) 

were synthesized using the reverse microemulsion method. The average fluorescence was 

equivalent to 4300 FITC molecules/NP and 15000 RbByPy molecules/NP. The surface of both 

the NPs was modified with reactive amine groups using standard chemical methods. NHS-PEG 

500-biotin was incubated with the NP for 2 hours and then Neutravidin attached by overnight 

incubation at 4°C.  

Assays to Determine the Antiviral Effect of Aptamer 

Two different assays were performed to evaluate and quantify the anti-viral effect of 

aptamer recognizing VV HA. 

Luminescence assay 

CV-1 cells were grown in a 96-well plate under standard conditions as mentioned in 

previous sections. The cells were infected with a modified vaccinia virus expressing luciferase 

(VV Luc) with T7 polymerase promoter. The cells were adsorbed at different moi of 10, 1, 0.1, 

0.01and as low as 10 plaque forming units (pfu) per well for 1 hour at room temperature in a F11 

medium without serum and phenol red. After adsorption F11 medium with 10% FBS (without 
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phenol red) was added to the wells and luciferase activity was measured at different time 

intervals to quantify the amount of virus growth in the presence and absence of the aptamer. 

Plaque inhibition assay 

Virus used for the plaque inhibition assay are tittered carefully before use by the method 

described earlier. A monolayer of CV-1 cells in a 60mm dish grown under previously described 

conditions is used for infection with a known amount of VV WR ranging from 10 pfu per dish to 

50 pfu units per dish. Aptamer PP3 is added at 1µM concentration and the dish is incubated at 

37°C and 5% CO2 for 3 days. The inhibition of plaques due to the presence of aptamer targeting 

vaccinia HA is visualized late on the third day by removal of the liquid medium and staining the 

monolayer of CV-1 cells with crystal violet for 5 minutes. The plaques are counted under light to 

evaluate the inhibitory effect of the aptamer. 

Southwestern Blot with Aptamers 

A 12% denaturing SDS-PAGE gel was run as described in the earlier sections with 

samples from uninfected HeLa cells and VV infected HeLa cells. The transfer of proteins from 

the gel to a nitrocellulose membrane was carried out using a transblot electroblotter from Bio-

Rad with a semi-dry method at a constant current of 200mA for 1 hour. The membrane is 

removed from the assembly and blocked overnight at 4°C in blocking buffer (5% nonfat milk in 

0.1% TBST). The membrane was incubated for different amounts of time such as 1 hour at room 

temperature, 4 hours at room temperature, overnight at 4°C with 1µM biotinylated aptamer PP3 

in blocking buffer. The membrane was washed 6 times for 10 minutes each at room temperature 

with 0.1% TBST. The membrane was then incubated at room temperature with the appropriate 

dilution of streptavidin conjugated HRP in the blocking buffer and again washed 6 times for 10 

min each at room temperature with 0.1% TBST. The detection was done by using an appropriate 
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HRP conjugated secondary antibody and chemiluminescent reagent from the Amersham ECL kit 

for Western blot. An X-ray film was used to store the results of the blot. 

Results and Discussions 

Imaging Infection 

Our aptamer can be used to detect infection directly by incubating with infected cells. The 

dissociation constant of the aptamer PP3 is in the low nanomolar range and can be used with 

high sensitivity and specificity. The aptamers can be used directly and incubated with clinical, 

environmental samples and screened for the presence of infected cells. New high throughput 

screening methods especially automated digital microscopy and image readers can handle large 

amounts of samples at once. Figure 4-1 shows the images of infected cells incubated with 

aptamer PP3 recognizing vaccinia HA. We also imaged different lung tissue sections from 

infected and uninfected mice with aptamer PP3. The tissue sections were paraffin embedded and 

used without standard known antigen retrieval procedures. The aptamer was able to distinguish 

tissue sections from uninfected mice and infected mice (Figure 4-2). We think that further 

optimization of conditions in processing the tissue sections with antigen retrieval would 

definitely yield better pictures. Also, the use of aptamers can be standardized by modifying the 

aptamers to be used in standard immunohistochemical staining methods routinely used by 

pathologists. 

Detection of Infection Using Flow Cytometry 

Flow cytometry is another application which has been used throughout this project to 

select the aptamer and also identify its target. We also used it to detect infection not only in 

laboratory buffer conditions but also in complex biological buffers and fluids. Infected cells were 

incubated with buffers containing different percentages of fetal bovine serum, rabbit serum, 

human plasma and even whole blood (rabbit), the most significant medium for diagnostic 
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studies. The aptamer successfully recognized only infected cells in all the different biological 

buffers and blood (Figure 4-3). Thus, the aptamer can be used in real life situations to detect 

infections. To simulate physiological conditions we mixed different percentages of infected cells 

with uninfected cells and probed with aptamer to detect infected cells. The system was able to 

recognize ~90% infected cells in a mixture containing only 25 % infected cells with uninfected 

cells as shown in Figure 4-4. Further optimization of this system will lead to better detection and 

recognize lower amounts of infected cells in a mixture. We initiated in vitro studies to generate a 

nanotechnology based assay to monitor the progress of infection which will be later translated to 

track infections in vivo. The experiments were done using FITC dye-doped nanoparticles to 

detect infected cells. The dye doped NP attached to aptamer PP3 was successful in detecting 

infected cells and did not lose its specificity (Figure 4-5). This platform will also be very useful 

to develop an ultrasensitive method for detection of pathogens and infection.  

Aptamers were also used to detect infection ex-vivo using organs from infected mice. The 

organs were physically crushed to generate single cell suspensions. The single cell suspension 

was incubated with different types of antibodies to distinguish various cell types. CD14 antibody 

that binds to a glycosyl phosphatidyl inositol (GPI)-linked glycoprotein expressed on 

macrophages and monocytes, CD25 antibody that reacted with an interleukin-2 (IL-2Rα, p55) 

receptor expressed on activated T and B lymphocytes and Ly6G antibody that binds Ly-6G a 

GPI-anchored protein expressed predominantly on the granulocytes were labeled with a 

fluorescence dye R-phycoerythrin (PE) and used along with incubation of a Cy-5 labeled 

aptamer PP3. The mice were infected intranasally with VV WR. They mice were euthanized 3 

and 5 days post infection and the spleen was harvested for further processing. We found that the 

all of the screened cell types in mice spleen were infected with VV by day 5.The aptamer can 



 

101 
 

also be used to monitor the progress of disease ex vivo. Figure 4-6 shows the increase in amount 

of infected cells from spleen observed on a flow cytometer using aptamer PP3.  

Antiviral Effect of Aptamer 

The  effect of the aptamer on virus spread was examined 112,115,116. Virus spread can be by 

either intracellular or extracellular virus.  These different infectious forms of VV play different 

roles in the spread of infection. EEV is mainly responsible for long range spread of the virus.  

External, but cell associated  enveloped virus (CEV) lead to spread by cell-to-cell contact 155,156. 

Natural dissolution of infected cells can release free intracellular virus (IMV) into the media.  

We asked whether the binding of aptamer PP3 to infected cells might inhibit virus spread. HA, 

the target of aptamer PP3 is expressed by early and late promoters throughout the infection on 

the cell surface of the infected cells and the EEV. HA is non essential for the growth of virus. In 

the absence of HA the virus replicates normally but proceeds via formation of syncytia 

(polykaryotes) of infected cells at normal pH, i.e. the presence of HA inhibits fusion.157  A 

fusion-inhibition assay was performed wherein the incubation of HA aptamer with the infected 

cells bound HA expressed on the cell surface and lead to the formation of fused cells. We 

proposed that the binding of aptamer PP3 to HA on the EEV might prevent the long range spread 

of infection. The long-range spread of VV via EEV can be estimated by formation of comets 

emanating from individual plaques in liquid media overlay. We did not observe any such comet 

formation in the presence of 1µM aptamer PP3 (Figure 4-7). The cell-to-cell spread of VV was 

tested using an extracellular luminescence-based assay. CV1 cells were infected with VV 

luciferase at different multiplicities of infection (moi) = 10, 1, 0.1, 0.01 and 10 plaque forming 

units (pfu). The amount of luminescence, which reflects the amount of virus in each sample, was 

measured in the presence and absence of 1µM aptamer PP3 with a microplate reader. Figure 4-8 

A shows luminescence data for CV-1 cells infected at moi=0.1 at 2hrs, 6hrs, 8hrs and 21 hrs 
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respectively and Figure 4-8 B at moi=10pfu at 50 hrs post infection (hpi). The presence of DNA 

affected luciferase production nonspecifically, and only a negligible effect of aptamer PP3 was 

observed at 50hpi, indicating that PP3 had no effect on the cell-to-cell spread of virus. 

Southwestern Blot with Aptamer 

Southwestern blotting is an important tool in the investigation of DNA-protein interactions 

and was developed to identify protein factors interacting with various genes to turn them on and 

off.  The first step in this method involves the separation of proteins on a SDS-PAGE gel and 

then similar to western blotting; the gel is sandwiched in filter paper to transfer the proteins onto 

a membrane, which is then probed with the modified oligonucleotides. We propose to use this 

method to confirm the presence or absence of a protein, similar to the use of antibodies in a 

Western blot, by using an aptamer in a Southwestern blot. The biotinylated aptamer will bind its 

target, which in turn can be recognized by using secondary binding fluorophore or HRP 

conjugated avidin, and then detected using standard fluorescence or luminescence detection 

protocols. In the case with antibodies, some antibodies may recognize the target when denatured, 

some only in their native state and some may not recognize their targets on a blot; similarly 

aptamers may or may not recognize their target on the Southwestern blot. We tested the aptamer 

PP3 for its binding ability to HA in various conditions, but the aptamer could not bind it on a blot 

(Figure 4-9).  This may be due to disruption of the recognition site of the aptamer or the protein. 

Aptamers bind their targets, via hydrogen bonds and Van der Waals forces, which can easily be 

disrupted during any of the processes involved in Southwestern blotting.  

Conclusions 

In this study, we tested the aptamers selected for VV infected cells for various applications. 

We showed that the aptamers can be used via imaging or flow cytometry to detect the presence 

of infection in real samples. Also, we can use aptamers to monitor and investigate ex vivo the 
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types of cells infected in an animal. Further developments in this field will lead to new probes, 

which can be used in vivo to monitor the progress of infection. The potential of the aptamer as an 

antiviral was tested using different assays, which did not show any activity in either assay. We 

unsuccessfully tried to develop a new aptamer based Southwestern blotting protocol.
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Figure 4-1.Detection of infection using fluorescence microscope. Aptamer PP3 recognizes VV 
WR infected CV-1 cells with high specificity but does not bind the uninfected CV-1 
cells. a. Aptamer PP3 labeled with Alexa Fluor 594 recognize their target VV 
infected CV-1cells visualized in channel Texas Red b. Merged image of DAPI 
stained nuclei and aptamer PP3 binding  on the surface of infected cells c. Phase 
contrast image d. Fluorescently labeled random DNA library with infected cells e. 
Merged DAPI and library with infected cells f. Phase contrast image g. Alexa Fluor 
594 labeled aptamer PP3 do not bind uninfected CV-1 cells h. DAPI stained nuclei 
and aptamer PP3 merge i. Phase contrast image j. DNA library with uninfected CV-1 
cells k. Merged image with DAPI stained nuclei and Alexa Fluor labeled DNA library 
l. Phase contrast image. 
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Figure 4-1. Continued  
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Figure 4-2.Cy-5 labeled aptamer PP3 can distinguish between uninfected and infected lung tissue 

sections from mice. a. PBS control, uninfected mice lung tissue b.GFP channel c. 
Phase contrast image.  Lung Tissue section from a VV WR expressing GFP infected 
mice obtained 4 days post infection d. aptamer PP3 stained infected cells in the tissue 
section e. GFP fluorescence in tissue sections due to VV WR infection f. Phase 
contrast image.
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Figure 4-3.Aptamers can recognize their target even in a complex biological media a. 15% fetal 

bovine serum, b. 15 % rabbit serum c. 50% human plasma and d. Rabbit whole blood 
spiked with VV WR infected HeLa cells. 
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Figure 4-4.Aptamer detects infection in a mixture of infected and uninfected cells.Dot plots show 

a. VV WR infected HeLa cells b. Uninfected HeLa cells and c. mixture of 25% VV 
WR infected and 75 % uninfected HeLa cells. d. Ungated histogram shows aptamer 
PP3 detect infection in the mixture. (25% infected cells) e. Gated data only from the 
upper right quadrant of dot plots clearly shows detection of infected cells. 
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Figure 4-5.Dye doped NP’s are used to detect infection. a. FITC dye-doped NP recognize VV 

WR infected HeLa cells b) do not bind uninfected HeLa cells c) similarly RuByPy 
dye doped NP recognize VV WR infected HeLa cells but d) do not recognize 
uninfected HeLa cells. 
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Figure 4-6.Detection of infection using flow cytometry. Spleen from VV WR expressing GFP 
infected mice 3dpi and 5dpi is crushed. The red blood cells were lysed and a single 
cells suspension was formed. This was incubated with antibodies to determine the cell 
types and Cy-5 labeled aptamer PP3 to detect infection. The cells were fixed with 2% 
paraformaldehyle in PBS. GFP fluorescence provides another way to track infection. 
a. Macrophages and monocytes that react with CD14 antibody showing their GFP 
expression b. aptamer PP3 labeled CD14 binding cells c. GFP expression for 
activated T- and B lymphocytes labeled with CD25 antibody d. aptamer labeled 
activated T and B lymphocytes e. Granulocytes detected with Ly6G antibody f. 
aptamer stained infected granulocytes. Monitoring the infection using GFP at this 
stage is not possible whereas aptamer PP3 can clearly show a progression of the 
infection.  
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Figure 4-7.Plaque inhibition assay for the determination of antiviral effect. VV WR infected CV-

1 cells were incubated with 1µM aptamer PP3.The plaques were visualized with 
crystal violet 3 dpi. a) No DNA b) random DNA sequence and c) Aptamer PP3. The 
aptamer PP3 does not have anti-viral properties at the concentration of 1µM as no 
significant difference in the number of plaques was observed 3 dpi. 

a b 

c 
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Figure 4-8.Antiviral effect of aptamer quantified with luminescence assay. CV-1 cells infected 

with VV luciferase were incubated with 1µM aptamer PP3 and luciferase expression 
measured at different time intervals (hours post infection, hpi). Luciferase production 
is directly proportional to virus growth. A. moi = 0.1. a. 2 hpi b.6 hpi c. 8 hpi and 
d.21 hpi. B. moi = 10pfu at 50 hpi. Aptamer PP3 did not have antiviral activity at the 
concentration of 1µM with different moi and hpi. 

a. b. 

c. d. 

Luciferase Assay moi = 0.1at 2hpi Luciferase Assay moi = 0.1at 6hpi 

Luciferase Assay moi = 0.1at 8hpi Luciferase Assay moi = 0.1at 21hpi 

Luciferase Assay moi = 10pfu at 50hpi 
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Figure 4-9.Southwestern blot using aptamers. a. Cell lysates from uninfected, VV WR and VV 

T7 expressing FLAG tagged HA are separated on a 12 % SDS gel. The gel was 
transferred on a nitrocellulose membrane a. Western blot detected the FLAG tagged 
HA using an anti-FLAG antibody and HRP labeled secondary antibody. b) The 
transferred membrane was probed with biotinylated aptamer PP3 overnight at 4°C 
and the Southwestern blot was detected using HRP labeled streptavidin. This 
particular aptamer does not bind its target on a nitrocellulose membrane. 

a. 

b. 

HA HA 



 

116 
 

CHAPTER 5 
SUMMARY AND FUTURE DIRECTIONS 

Summary 

Aptamers are designer nucleic acid probes generated for a wide range of targets including 

cells, proteins, peptides, and other small molecules. Aptamers are generated in vitro by a process 

known as SELEX (systematic evolution of ligands by exponential enrichment) from randomly 

synthesized oligonucleotide pools. These aptamers have low molecular weight (8-15kDa), can 

penetrate tissues and be cleared from the blood easily. Moreover, they can be easily modified to 

have better pharmacokinetic and pharmacodynamic properties. We believe that aptamers can 

also successfully target a wide range of viral agents. We are the first group to successfully use 

virally infected cells as target for the generation of aptamers. The complexities of using virally 

infected cells in SELEX have been overcome by rational thinking and the application of new 

selection strategies such as counter SELEX using uninfected cells. The selected aptamers had 

high affinity towards VV infected cells and had its dissociation constants in the low nanomolar 

range. The aptamers recognized only infected cells and none of the uninfected cells.  

The target of the aptamer was identified using two different methods. Known differences 

in the expression of proteins on the surface of infected cells were used to test aptamer specificity. 

The aptamer recognized only the strains VV WR and IHDJ but not the strain VV IHDW. Also, 

the aptamers recognized cowpox virus infected cells but not rabbitpox virus or myxoma virus 

infected cells. Hemagglutinin (HA) is the protein expressed on the surface of infected cells 

recognized by the aptamer and was known to be absent in the strains of virus which were not 

recognized by the aptamer. The target was also confirmed using proximity based assay known as 

AlphaScreen™. In this bead-based assay on illumination with light at 680 nm, singlet oxygen 

with a lifetime of 4 µs is generated from ambient oxygen. If two interacting species are within a 
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distance of 200 nm, the singlet oxygen reaches the other bead generating a light signal emitted at 

520-620 nm. The target of the aptamer PP3 was confirmed to be HA using this method. 

The generated aptamers were used to detect infection not only in simple buffer conditions, 

but also in complex biological buffers. The aptamers did not lose their specificity in the presence 

of serum, plasma and even whole blood. The aptamers were also used to show the presence of 

infected cells which were harvested from infected mice. An aptamer was able to recognize 

infected cells in a mixture of infected and uninfected cells. A nanoparticle based system was also 

used to detect presence of infected cells.  

Future Directions 

Generation of Functional Antiviral Aptamers 

This work successfully demonstrated the generation of aptamers for VV infected cells, 

identified the aptamer’s target and outlined a few applications. But the aptamers generated did 

not have any significant antiviral effect as measured by the assays employed.  

Viral infection generally involves five steps: viral cell entry, unfolding viral genetic 

material, replication of viral components, the generation of progeny virus and egress of progeny. 

Thus, aptamers targeting each of these essential steps can be used to generate antiviral aptamers. 

This can be done with little modification to exiting SELEX methodology by using an antiviral 

assay for each selection cycle, which we term a functional screening assay. These functional 

screening assays, initiated with random oligonucleotide library will be enriched based on their 

antiviral activity in the assay, thereby generating a set of functional antiviral aptamers. Different 

screening assays will be used in this proposed project to develop functional aptamers for viruses 

and virus infected cells as proof of concept. Additionally, functional antiviral aptamers with high 

affinity for viral proteins can be used as synthetic antibodies for diagnostic purposes. Using this 

strategy to generate functional aptamers has a key advantage over traditional antivirals by the 
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nature of the selection process. That is, further screening can generate functional aptamers 

targeted specifically towards infected cells, thereby enhancing the ability of these aptamers to 

recognize and act only on the infected cell target, which will reduce side-effects. Along with 

these benefits, reproducible synthesis makes these functional aptamers a very attractive and 

economical method to generate targeted antivirals and designer nucleic acid probes with 

diagnostic potential. In addition, since aptamers recognize their targets with high specificity, and 

since they can discriminate between protein targets that are highly homologous, or differ only by 

a few amino acids, aptamers can be generated specifically for a particular virus strain or broadly 

against a family of viruses. 

In-vivo Monitoring of the Progress of Disease 

Nanoparticles will be conjugated to aptamers to achieve ultrasensitive detection and track 

the infection. The nanoparticles can be fluorescently labeled for optical tracking, magnetically 

active to be followed by magnetic resonance imaging (MRI), or radiolabeled with molecules 

such as F18and Tc99 for PET imaging.106 In addition, the affinity of aptamers can be improved by 

using multivalent aptamers. 158,159 This will be achieved by conjugating multiple aptamers on 

nanoparticles or nanorods. Multivalent aptamers have been shown to increase affinity by a 100 

fold with the use of gold nanorods to achieve ultrasensitivity.160 Standard biotin-avidin or gold-

thiol chemistry can also be employed to generate these molecular diagnostic probes. 
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