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 Aptamers are oligonucleotides selected by the SELEX (Systematic Evolution of 

Ligands by EXponential enrichment) method that bind to a target with high affinity and 

specificity based on the three dimensional conformation they adopt.  Selected for 

targets ranging from small molecules to proteins or whole cells, aptamers may similarly 

assume diverse roles such as drug delivery vehicles, decoys, inhibitory therapeutics, 

and affinity separation probes.  This work investigates aptamers as inhibitory drugs and 

affinity ligands in two bioanalytical applications.   

 In the first set of studies, an aptamer was selected to the peptide anticoagulant 

bivalirudin to serve as an antidote to the drug in instances of severe patient bleeding.  

The drug was immobilized on a monolithic column and binding sequences were eluted 

by salt gradient.  The elution profile was compared to that of a blank column (no drug), 

and fractions with a chromatographic difference between drug-immobilized and blank 

counterparts were analyzed via real-time PCR (polymerase chain reaction) and used for 

further selection.  Sequences were identified which demonstrated low micromolar 

dissociation constants through fluorescence anisotropy after only two rounds of 

selection.  One aptamer displayed a dose-dependent reduction of the clotting time in 
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buffer, with a 20 μM aptamer concentration achieving a nearly complete antidote effect.  

A DNA microarray was used to truncate two of the aptamers to decrease the cost of 

aptamer synthesis for medical applications. 

 The second group of experiments tested a simple aptamer-based square 

capillary cell affinity chromatography system for selective capture of target cancer cells 

from a flowing suspension.  Aptamers were immobilized on the inner surface of the 

capillary through biotin-avidin chemistry, the extent of which was controlled by adjusting 

the aptamer concentration.  The device captured target leukemia cells in higher 

amounts than nontarget cells under a variety of conditions, and the capture efficiency 

was optimized to retain >90% of cells.  In addition, the system was used to capture two 

colon cancer cell lines by their respective aptamers at high efficiency.  The capillary 

system could also detect stained cancer cells spiked in blood by imaging the length of 

the tubing and counting the fluorescent captured cells.  
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CHAPTER 1 
INTRODUCTION 

Molecular Recognition 

Molecular recognition between two biomolecules has long been recognized as a 

cornerstone of specificity and control of complex biological processes.1  A number of 

factors mediate this development, including the shape of the two binding surfaces, 

hydrogen bonding, ionic, dipole, and solvent interactions, and van der Waals forces.1  

These binding events may occur between proteins and small molecules to induce 

signaling processes,2 amongst proteins and nucleic acids as in DNA/histone 

interactions, and in catalysis of various substrates by enzymes.3  Enzymes catalyzing 

reactions in sugars (protein/carbohydrate) are well-known interactions, for example the 

α-amylase enzyme family recognizing starch.4  RNA/small molecule interactions are 

also of interest, such as those displayed by riboswitches.5  Additional interactions of 

significance include protein/protein binding, for example dynein or kinesin interacting 

with microtubule proteins.6   

Researchers have taken advantage of molecular recognition principles to form the 

foundation of current target detection methods and modern diagnosis/treatment of 

disease.  At the molecular level, biosensors have been designed for detection and study 

of different properties of small molecule/protein and protein/protein interactions.7-9  

Molecular recognition has also been utilized in designing novel therapeutic drugs.  

Examples include targeting of dihydrofolate reductase protein (DHFR) by the 

chemotherapy drug Methotrexate10 and the antibiotic Trimethoprim.11  Also, the 

aminoglycoside paromomycin was found to bind to specific RNA in E. coli to exhibit 

antibiotic effects.12   
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Despite the term “molecular recognition” the phrase also refers to specific cellular 

recognition events resulting from the affinity between a ligand and cell surface marker.  

Analytically, ligands immobilized on a surface have been used to detect and/or purify 

cellular targets.13  Furthermore, biomarker expression has been manipulated in disease 

detection, or targeted for pharmacological response.14   

Molecular recognition principles have been extremely effective for both analytical 

and pharmaceutical applications regardless of the target.  In particular, antibodies 

raised for targets either expressed on cell surfaces or found in the blood have made 

tremendous progress as detection reagents and therapeutics for various diseases.15 

Antibodies 

Antibodies are well-known molecular recognition agents deserving special 

attention due to rapid development in the last 25 years.15  Antibodies can be 

immobilized as a stationary phase for selective detection or capture of target 

molecules.16, 17  The proteins are also used to both preconcentrate cellular samples and 

stain cancer cells for immunocytochemical detection.18  Additionally, vaccines utilizing 

antibody/antigen response have resulted in protection against influenza and the 

eradication of smallpox, a disease which was responsible for hundreds of millions of 

deaths in the twentieth century.19  More recently, the utility of antibodies used in disease 

treatment has been investigated with a high degree of success.  Since the first CD3-

specific antibody was approved for the treatment of acute transplant rejection in 1986,20 

more than 30 antibodies have been approved for use in various indications.15  Of the 

$15 billion in revenue, 78% derives from monoclonal antibodies targeting cancer and 

autoimmune diseases.20  Some FDA-approved antibodies include tumor-necrosis factor 

specific antibodies infliximab and adalimumab, the human epidermal growth factor 
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receptor 2 antibody trastuzumab, the vascular endothelial growth factor targeting 

antibody bevacizumab, and the CD20-specific rituximab antibody.  Phase III trials are 

underway on 26 more antibody drug candidates, 9 of which are for diseases designated 

“orphan diseases,” or rare diseases afflicting only a small number of patients.15, 21 

Despite the tremendous achievements of antibodies, several challenges remain.   

Antibody generation requires a biological system, limiting the conditions for optimization 

to physiological conditions, possibly reducing their utility for in vitro applications such as 

detection platforms.22, 23  Due to the biological requirement, antibodies cannot be raised 

against biological toxins which would damage the host system.24   Antibodies also suffer 

from significant batch-to-batch variability in function.  Furthermore, it is difficult to modify 

antibodies with labels to facilitate capture or detection while still retaining function, and 

the proteins are susceptible to degradation upon temperature changes and prolonged 

storage.  Another concern is the time and expense associated with the antibody 

screening process.25  In addition, a limited number of available antibodies,26 difficulties 

with cross-species reactivity (i.e. applying a murine-generated antibody to detect the 

human version of the target), and generation of an immune response upon 

administration24 also present serious challenges for antibody applications.23  Molecules 

designed to address these limitations would be highly attractive candidates for various 

target/ligand binding functions. 

Aptamers 

Aptamers are DNA or RNA oligonucleotides that bind specifically to a target based 

on their three dimensional conformation.  This structure is the result of a combination of 

hydrogen bonding, electrostatic and van der Waals interactions, Watson-Crick base 

pairing, and stacking of aromatic rings.22, 27  Aptamers usually adopt stem/loop 
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secondary structures, as seen in Figure 1-1.  The loop regions are primarily responsible 

for target interactions, while the remainder of the sequences aid in stabilizing the 

structure.   

 

Figure 1-1.  Secondary structure of aptamer sgc8.28 

Aptamers were first described in 1990 by two separate groups targeting either an 

organic dye29 or a DNA polymerase.30  Since the inception of the technology, aptamers 

have been selected for a vast range of targets including metal ions,31, 32 small organic 

molecules,29, 33-38 nucleotides and derivatives,39-41 cofactors,42-44 nucleic acids,45, 46 

amino acids,47-49 carbohydrates,50, 51 antibiotics,52-54 peptides,55, 56 proteins,57-61 whole 

cells,28, 62-67 viruses and virus infected cells,68, 69 and bacteria.70, 71 

Comparison to antibodies 

When compared with antibodies, aptamers demonstrate similar binding affinities 

(pM-nM), yet have the following advantages: 1) They are chemically synthesized, and 

can therefore be selected for virtually any target, including biological toxins; 2) Chemical 

synthesis eliminates batch-to-batch variability and reduces cost of production; 3) 
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Experimental conditions can be manipulated to select aptamers with specific properties; 

4) Aptamers can be easily modified with labels to facilitate target purification or 

detection by fluorescent dyes; 5) The sequences are relatively stable to degradation 

from high temperatures or long storage times; 6) No evidence of immunogenicity has 

been observed; 7) Animals are not required for aptamer selection.22-24, 72 

One major drawback of aptamers is degradation by nucleases when in vivo 

applications are desired.  Since most polymerases are unable to incorporate modified 

bases in the PCR, several groups have proposed different post-SELEX modifications to 

minimize the effects.  For RNA, typically attacked by RNAse present in nearly all 

biological samples,26 the 2’-OH groups can be substituted with 2’-F, -NH2, or -OCH3 

groups, which have proven successful at inhibiting degradation.73-75  Substitution of 

pyramidines at the 5-position with I, Br, Cl, NH3, or N3 has also been shown to improve 

stability.26  Additionally, 3’- and/or 5’-end capping (ex. polyethylene glycol) is able to 

protect sequences against exonuclease activity.22  Incorporating locked nucleic acids 

(LNA) consisting of a methylene bridge from the O2’ to C4’ of the sugar into the aptamer 

structure is also useful in stabilizing the structure of oligonucleotides (Figure 1-2).76 

 
Figure 1-2.  Structure of LNA.76 

SELEX procedure 

Aptamers are selected using a method known as SELEX (Systematic Evolution of 

Ligands by EXponential enrichment). The SELEX method is depicted in Figure 1-3, and 
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certain aspects are described in more detail in future chapters.  The SELEX procedure 

begins with 1013-1015 unique sequences from a chemically synthesized, randomized 

oligonucleotide library competing for binding to the target.  Nonbinding sequences are 

partitioned from binding oligonucleotides, and binders are eluted from the target.  This 

partitioning step is the main determinant of the efficiency of the selection.  The binding 

sequences are PCR-amplified and converted to single-stranded DNA (ssDNA) for the 

next round of selection.  After the first round, researchers may institute a counter-

selection step, in which sequences binding to a control (such as support matrix) are 

removed from solution.  Sequences that do not bind to the control are retained for future 

SELEX rounds.  The process is repeated in cyclical fashion until the final pool is 

enriched for sequences binding to the target.  The number of cycles varies depending 

on parameters such as selection stringency and the efficiency of the partitioning 

method; however, a typical selection requires an average of 12 cycles and a timeline of 

2-3 months.24, 77  Following enrichment, the oligonucleotide pool is sequenced, and the 

oligonucleotides are grouped according to intermolecular homology using programs 

such as ClustalX or MAFFT.  Several sequences from each family are synthesized to 

test for target binding, and successful candidates are characterized in terms of binding 

affinity, target specificity, etc. 

Analytical applications of aptamers 

Antibodies are frequently utilized as immunoaffinity column ligands, but their 

linkage to the column is nontrivial, resulting in couplings that are not uniform.  This 

reduces the binding capacity and in some cases leads to leaching of the separation 

phase from the column.78  In contrast, aptamers are easily chemically modified for 

linkage to a column, and are smaller in size than antibodies, producing a higher ligand 
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density for chromatography stationary phases.  Aptamers have been employed as 

affinity ligands for small molecules and proteins,79-81 and to discriminate between chiral 

molecules in a separation due to their exquisite specificity properties.82, 83  Aptamers 

have also been used as biosensors for specific targets due to their high ligand density 

and ease of chemical modification.  The probes have been chemically modified to bind 

to a surface for acoustic sensing,84 optical sensing,85-87 cantilever-based biosensors 

enabling label-free detection,88 and fluorescent signal sensing.89, 90  

 
Figure 1-3.  The SELEX procedure.28 

At the cellular level, aptamers have found use as ligands for separation, 

enrichment, and/or detection.   For example, aptamers immobilized in a microfluidic 

channel are capable of selectively capturing target cells from buffer or blood.91-94  Cell 

separations have important implications in areas such as CD4+ T lymphocyte counting, 

blood cell isolation, bacterial identification, rare cell capture, and cancer cell detection.95  

Cell separation plays a central role in the work completed for this dissertation, as 

discussed later in this chapter. 
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Biomedical/therapeutic applications of aptamers 

The unique properties of aptamers present exciting opportunities for biomedical 

diagnostic and therapeutic applications.  Aptamers have been selected to serve as 

histological detection reagents for glioblastoma96 or in proximity-dependent assays 

(ELISA),97 and as throughput validation ligands for drug discovery.98  The probes have 

also been developed for in vivo imaging99, 100 and have demonstrated promising results 

for reducing side-effects by targeted drug delivery.101-103 

Table 1-1.  Aptamers in the clinical pipeline104 
Aptamer, Target Company Disease Stage of Development 

Pegaptanib 
(Macugen), 
VEGF-165 

Eyetech 
Pharmaceuticals/
Pfizer 

AMD, 
diabetic 
retinopathy 

FDA-approved AMD 2004; 
Phase II for diabetic 
retinopathy: improved vision, 
decreased edema 

REG-1 
(RB006/RB007), 
Factor IXa 

Regado 
Biosciences PCI, CABG Phase II trial completed 

AS1411, 
Nucleolin Antisoma RCC, AML Phase II underway 
NU172, Thrombin Nuvelo/Archemix PCI, CABG Phase II planned 
ARC1779, von 
Willebrand factor Archemix 

TMA, TTP, 
CEA Phase II underway 

Abbreviations: AMD, age-related macular degeneration; PCI, percutaneous coronary 
intervention; CABG, coronary artery bypass graft; RCC, renal cell carcinoma; AML, 
acute myeloid leukemia; TMA, thrombotic microangiopathies; TTP, 
thrombocytopenic purpura; CEA, carotid endarterectomy. 

 

The FDA approval of the aptamer drug Macugen targeting vascular endothelial 

growth factor (VEGF) in 2004 was a breakthrough for aptamer pharmaceuticals, 

renewing interest in aptamer based therapeutics.105  Therapeutic aptamers can be 

divided into several categories104 including decoy-like aptamers targeting proteins that 

naturally bind nucleic acids,106, 107 regulatable aptamers which effectively serve as their 

own antidote,108 multivalent aptamers to improve aptamer binding,109, 110 and inhibitory 

aptamers that target proteins, transcription factors, cell-surface markers, etc. in order to 
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treat human disease.111, 112  Aptamer drug candidates currently in the clinical pipeline 

are summarized in Table 1-1.  Several of these aptamers are progressing to Phase II 

studies, and many of the targets are coagulation factors.   

Inhibitory aptamers have shown particular promise in the role of anticoagulants, 

targeting various points of the coagulation cascade.  Aptamers to thrombin,113 factor 

IX,114 factor VII,115 factor X,116 protein C,117 and von Willebrand factor118 have been 

shown to successfully modulate thrombus formation, with cDNA antidotes able to 

restore normal activity.  In particular, Rusconi and coworkers developed the factor IX 

aptamer (Table 1-1) that is now in the clinical pipeline.  The aptamer was modified with 

a 5’-cholesterol and a 3’-inverted deoxythymidine, and consists of pyramidines modified 

at the 2-position with fluorine (Figure 1-4).108 Upon addition of 2’-O-methylated cDNA 

corresponding to the contiguous stem region at the 5’-end of the aptamer, the 

anticoagulant effect was neutralized and clotting activity commenced in animal models.  

Aptamer/cDNA development is relatively cost-prohibitive, so studies have been carried 

out to find different methods to reverse anticoagulant binding.119   

 
Figure 1-4.  Aptamer Ch-9.3t and cDNA strand for use as anticoagulant/antidote pair for 

factor IX.108 
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Recent work has investigated the use of light to photoregulate aptamer antidote 

activity by introducing a “caged” structure into an aptamer,120 or an azobenzene moiety 

to reverse anticoagulation.121  Clearly the use of light to inhibit internal bleeding is not 

feasible, since the light would not penetrate through the skin, but the design may have 

topical applications.  Researchers have used aptamers and cationic porphyrins to serve 

as an anticoagulant/antidote pair, however this method will only work for aptamers 

known to form a G-quartet.122  A polymeric antidote has shown a promising universal 

antidote response for various anticoagulant aptamers, but the mechanism of action is 

still unclear and the research is still in the preliminary phase.119  Therefore, developing a 

DNA aptamer to a currently available pharmaceutical agent will be another major theme 

for this dissertation work.   

Introduction to Specific Dissertation Projects 

Selection of an Aptamer Antidote to an Anticoagulant 

Anticoagulants are one of the drug classes with the highest instances of adverse 

drug reactions and medication errors.123  These actions directly correlate to an 

increased occurrence of complications such as severe bleeding that increase patient 

morbidity and mortality.119  Additionally, blood transfusions are required for 5-10% of 

patients with severe bleeding, at an estimated cost of $8,000-$12,000 per incident.108  

An ideal anticoagulant would exhibit minimal adverse drug reactions, and would have a 

safe and effective antidote readily available to reverse severe patient bleeding. 

Heparin and protamine are the only anticoagulant/antidote pair commonly used in 

clinics, but both drugs have considerable risk associated with their use.  Heparin 

demonstrates an unpredictable anticoagulant response, and some patients cannot be 

administered heparin in any circumstance due to severe physiological responses.  A 
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variety of synthetic anticoagulant drugs were developed to improve upon the challenges 

created by heparin use.  Bivalirudin is one such synthetic peptide anticoagulant that has 

several advantages over heparin, including a more predictable drug response, yet does 

not currently have an antidote available.  Therefore, the objective of this work was to 

provide an antidote to bivalirudin to introduce a safe and reliable anticoagulant/antidote 

pair. 

Heparin, protamine, and the importance of thrombin 

Thrombin is a common target for anticoagulant drugs due to its position at the 

juncture of the coagulation cascade and the variety of roles it plays in the clotting 

process.124  Most importantly, thrombin activation of soluble fibrinogen to insoluble fibrin 

and fibrin crosslinking by thrombin-activation of factor XIII is a critical step of the clotting 

process.   

 

 
Figure 1-5.  Thrombin structure (left), heparin binding (center), and steric constraints 

associated with heparin binding fibrin-bound thrombin prior to antithrombin 
(AT) (right).125 

The binding sites of thrombin consist of two positively charged exosites and the 

active site where catalytic activity takes place (Figure 1-5).125-128  Heparin indirectly 
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targets the protein thrombin by binding to both antithrombin (AT; a naturally occurring 

thrombin inhibitor) and exosite 2 of thrombin.129  One problem with heparin is that it 

cannot inhibit fibrin bound thrombin, possibly due to steric constraints.  If heparin docks 

to exosite 2 without previously binding antithrombin, it can form a bond with thrombin-

bound fibrin, actually strengthening the clot (Figure 1-5).126  Heparin also binds to 

certain plasma proteins in the blood, resulting in an unpredictable anticoagulant 

response and increased patient monitoring.  Heparin is neutralized by platelet factor 4 

(PF4) a product of activated platelets.130  A major challenge to heparin use is that 

heparin complexed with PF4 or other plasma proteins can stimulate a response called 

heparin-induced thrombocytopenia (HIT), which can cause severe reactions in some 

patients.  The use of low molecular weight heparin (LMWH) alleviates several, but not 

all of these concerns.  The antidote to heparin, protamine, also has serious side effects 

associated with it’s administration, including increased pulmonary artery pressure, 

decreased systolic and diastolic blood pressure, impaired myocardial oxygen 

consumption, and reduced cardiac output, heart rate, and systemic vascular 

resistence.119  Therefore, there is an obvious need for alternative anticoagulant/antidote 

pairs with a safer therapeutic profile. 

Direct thrombin inhibitors and bivalirudin 

In order to improve the safety profile of anticoagulants, synthetic thrombin 

inhibitors which directly interact with thrombin, termed direct thrombin inhibitors (DTI), 

were designed.  One such drug, bivalirudin, is a promising alternative to heparin 

anticoagulation.  In comparison to heparin, bivalirudin generates a more predictable 

anticoagulant response because it does not bind to other plasma proteins.  It also binds 

both fibrin-bound and free thrombin, is not inactivated in the presence of PF4, and does 
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not induce HIT.126, 131  In addition, bivalirudin can be chemically synthesized using solid 

state chemistry, while heparin is obtained from animals. 

Bivalirudin is a 20 amino acid peptide (Figure 1-6) used in the treatment of 

coronary angioplasty in unstable angina patients.  The drug is a derivative of the leach 

anticoagulant hirudin that demonstrates essentially irreversible binding to thrombin at 

(inhibition constant) Ki= 231 fM.132  Femtomolar inhibition constants are generally 

considered to represent irreversible binding.  The engineering of hirudin to bivalirudin 

has produced a reversible anticoagulant with Ki= 2 nM.125  The peptide has a molecular 

weight of 2180 Daltons, and forms a 1:1 complex with thrombin that is slowly cleaved at 

the Arg3-Pro4 bond with a half-life of 25 minutes, but currently no antidote exists for 

rapid reversal in the instance of severe bleeding.133 

 
Figure 1-6.  Bivalirudin peptide sequence and binding/cleavage by thrombin.125 

The N-terminus of bivalirudin binds to the active site of thrombin, and the C-

terminus docks to exosite 1 (Figure 1-6).    Initially, bivalirudin competes with fibrinogen 

for access to the exosite 1.132  Binding to thrombin can be considered to occur in 4 
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steps: 1) The C-terminus binds to exosite 1 with a Kd of 0.75 µM; 2) A conformational 

change occurs in thrombin; 3) Arg3 of bivalirudin interacts with the active site; 4) 

Another thrombin conformational change occurs, with a rate constant of 30 s-1.134-136  

Steps 3 and 4 result in a stable inhibitor-thrombin complex.  After cleavage of the 

Arg3/Pro4 bond, the N-terminus is released from the active site, and the C-terminal 

fragment interaction at exosite 1 becomes a low-affinity weakly-competitive inhibitor of 

fibrinogen.131  Fibrinogen easily displaces the fragment from the binding site and 

resumes conversion to fibrin. The mechanism of action of the peptide is important to 

consider for future work on selecting an aptamer for the peptide.   

In initial studies, the drug marketed today as bivalirudin (Angiomax) was referred 

to as hirulog-1, short for hirudin analog 1.  Hirulog-1 was designed based on linking the 

exosite 1 and active site (with slight modifications to make the binding reversible) 

binding domains of hirudin with a (Gly)4 linker.137  Binding tests comparing hirulog-1 with 

(Gly)6 and (Gly)8 linkers produced very similar Ki values (2.1-3.0 nM) of which the (Gly)4 

was the lowest.  Interestingly, when the D-Phe1 of hirulog-1 was replaced by L-Phe1, 

the inhibition constant was increased from 2.1 nM to 156.0 nM, demonstrating the 

specificity of D-Phe for thrombin binding.  These studies also showed that the active 

site-binding region and the exosite 1 binding domain separately lacked the ability to 

significantly inhibit thrombin, as both inhibition constants were >2 μM.  Instead, the 

combination of these domains results in the anticoagulant properties of the drug.  

Furthermore, the group studied which terminus of hirulog-1 occupies the binding site by 

testing the ability of hirulog-1 to block a modification of Ser195 by [14C] DFP (diisopropyl 

fluorophosphate).  The results show that a 3- and 30-fold excess of drug to thrombin 
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blocked the modification, while much higher concentrations of S-Hir53-64 (sulfated 

exosite 1 binding region) failed to block the same modification.  This highlights the fact 

that the N-terminus of hirulog-1 occupies the active site of thrombin.  Further studies in 

the same literature proved the specificity of the interaction of hirulog-1 with thrombin by 

showing that it does not affect human plasmin or bovine trypsin activity.   

Additional studies on hirulog-1 probed the binding of the drug to various forms of 

thrombin.136  Nanomolar Ki’s were reported for human α- and ζ-thrombin, but no 

inhibition was observed for γ-thrombin or trypsin with 7.85 μM hirulog-1 concentrations.  

The binding of the drug to ζ-thrombin can actually be considered to be a positive result, 

since of all of the proteolytic cleavage products of prothrombin (α-, β-, γ-, ε-, and ζ-

thrombin), only α- and ζ-thrombin retain the ability to significantly interact with 

fibrinogen.  However, the other forms are still capable of cleaving small synthetic 

molecules and proteins, which include factor XIII, AT, and prothrombin.136, 138  

Therefore, hirulog-1 is a specific inhibitor of the two reported fibrinogen-catalyzing forms 

of human thrombin. 

Final studies relevant to the scope of this project report on the crystal structure of 

hirulog-1 binding to thrombin.139  Only 8 of the 20 amino acid residues were observed in 

the electron density map, corresponding to the first 3 residues of the N-terminus, and 

the Asp11-Ile15 of the C-terminus.  The disorder of Pro4-Gly10 is believed to be a result 

of the cleavage of the Arg3-Pro4 bond.  The residues adjacent to the C-terminus and 

not involved in the electron density map, Glu17-Tyr20, coil into one turn of a 310 helix.  

Additionally, the side-chains of D-Phe1-Arg3 play a major role in stabilization inside the 
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active site.128, 140  This structural information will form the basis for the decisions made 

regarding the methodology described in Chapters 2-3. 

Square Capillaries as Simple Microfluidic Channels for Bioanalysis 

Cell separations are important in a variety of applications for both basic scientists 

and clinicians.  Standard microfluidic devices have been successful in cell capture, yet 

key drawbacks in design and fabrication may promote the use of capillary-based 

systems.  This work explores the utility of aptamers as stationary phase ligands in 

simple capillary affinity chromatography systems for the selective capture of target 

cancer cells. 

Microfluidic devices 

Microfluidic technology has emerged as a major research area in the last 10 years, 

as evidenced by publication of nearly 10,000 papers on the topic.141  The blanket term 

“microfluidics” refers to technology ranging from “dipsticks” for simple measurements 

(for example pH testing), to more complex lateral flow tests and “lab-on-a-chip” devices 

with intricate microvalves and pumps integrated into the device. Some attractive 

features of microfluidic platforms encouraging the growth in research are: 1) Portability; 

2) High sensitivity; 3) Low cost per test; 4) Short data acquisition time; 5) Less 

laboratory space required.  Additional advantages incurred by microfluidic 

minuturization include lower sample/reagent consumption, consistent and controlled 

laminar flow properties, and the possibility to multiplex measurements.  

Thus far, microfluidic systems have been administered in a wide variety of 

applications.  Analytical devices for detecting pregnancy142 and drug use143 are 

particularly well known to the general population.  Detection of biowarfare agents has 

become increasingly more important as well, with devices capable of recognizing 
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bacterial144 and molecular targets such as ricin, Shiga toxin I, and Staphylococcal 

enterotoxin B.145  Microfluidic systems have also been applied to detection of 

contaminants in food and water.146, 147  

 Biochemical applications are also of major interest for microfluidic devices, 

observed in research in microfluidic bioreactors,148 radiopharmaceutical synthesis,149 

and high throughput screening for drug discovery.150  Particularly interesting are the 

possibilities of microfluidic systems for cell capture and detection, a process known as 

cell affinity chromatography (CAC).  Cell separations have thus far been utilized for 

applications such as CD4+ T lymphocyte counting, blood cell isolation, bacterial 

identification, rare cell capture, and cancer cell detection.95  The development of devices 

capable of selectively capturing cancer cells may enable advancement in cancer 

diagnosis and monitoring treatment progress, which significantly enhances the 

outcomes for cancer patients.92-94, 151, 152 

Either physical or chemical methods may be used to sort cell subpopulations.  

Physical methods such as dielectrophoresis and sedimentation have previously been 

successful, but these methods rely on significant differences between the physical 

properties of the target cells and the matrix cells.95  Chemical methods were therefore 

designed to separate cells based on their unique surface chemistry.  Most commonly, 

fluorescence activated cell sorting (FACS) is utilized for cell separation.92, 95  While the 

method tends to reproducibly generate highly pure subpopulations, FACS can be 

expensive to operate, requires highly trained personnel, and along with a similar 

technique termed MACS (magnetic activated cell sorting) necessitates preprocessing 

the cells with dyes or fluorescently-labeled antibodies, dramatically increasing the 
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sorting time of the sample.  Similarly, in circulating tumor cell (CTC) analysis the 

prevailing method is the commercially-available CellSearch technology, which also 

employs immunological assays to differentiate tumor cells from normal cells, in 

conjunction with traditional cell immunophenotyping and morphologic analysis.153  

Alternatively, microarrays do not require a preprocessing step and are able to 

simultaneously detect multiple targets, but tend to be low throughput, and cells cannot 

be eluted without mixing the different subpopulations.91  In contrast, CAC is a relatively 

simple process that can be multiplexed to perform the same function as an array; 

however, CAC allows for the elution of cells, enabling culture and further study of the 

population.  Due to these advantages, CAC was chosen as the method of cell 

separation used in this work. 

Despite the many successes of microfluidic technology, many drawbacks are 

associated with their use which may promote the use of simple capillary devices for 

certain CAC applications.  Most importantly, capillary systems remove the difficulties 

associated with the design and fabrication of microfluidic devices, which typically require 

the use of expensive clean rooms, not easily accessible for many laboratories.154  

Microfluidic channels may also be more complicated to interface with a benchtop fluidic 

system for sample flow rate control than a capillary.  In contrast to microfluidics, 

capillaries often have simple, commercially available connection options, and are 

available in a variety of internal and external sizes and geometries, depending on the 

desired application.  Capillaries are commercially manufactured to have consistent 

properties throughout, thus eliminating concerns about batch-to-batch variability, a 

frequent problem when fabricating microfluidic devices.  Also, capillaries can easily 
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undergo surface modification using standard chemistries to facilitate the immobilization 

of cell capture ligands.  The most prominent disadvantage of capillaries lies in their low 

throughput, which results in challenges for detecting targets present in low 

concentration.  However, capilliaries can be arranged either in parallel or in series to 

increase throughput or to facilitate the capture of multiple targets, with the possibility of 

simultaneous detection of several types of cancer.91  Also, a preconcentration step to 

enrich the sample for target cells may alleviate this concern. The commercialized 

CellSearch technology platform for CTC detection preconcentrates the sample for 

epithelial cells using the EpCAM antibody. 

 
 

Figure 1-7.  Comparison of square and circular capillary geometries.155 

Specifically, square capillaries have properties with distinct benefits when 

compared to circular tubes.  They have a higher surface area and volume than circular 

capillaries of the same dimensions,156 leading to more capture probe immobilized on the 

walls and a higher sample throughput.  Additionally, the sensitivity of path length-

dependent detection methods, such as absorption and fluorescence, can be enhanced 

by an order of magnitude over circular capillaries.  Most importantly, flat-walled 

capillaries (square or rectangular) have less optical distortion and scatter than the 

curved walls of circular tubes.156, 157  Figure 1-7 shows this effect, as collimated light 
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passes directly through the square capillary, but light in the circular capillary is scattered 

at the curved walls of each interface.155  This is especially significant when direct 

observation is used for detection, as may be advisable in the case of potentially 

extremely low numbers of cancer cells or CTCs present in the blood.   

Antibodies and aptamers as stationary phase ligands 

 
Figure 1-8.  Antibody immobilization to stationary phase. In a) no antigen recognition 

sites are available for binding.  In b) and c) either 1 or 2 sites are oriented 
correctly (as designated with arrows) for antigen binding.158 

An ideal stationary phase should possess the following characteristics: 1) 

Chemical stability; 2) Low nonspecific binding; 3) Mechanical stability for favorable flow 

rates; 4) Sufficient surface area for binding.158  As previously discussed, antibodies are 

not robust in terms of stability, as changes in temperature and buffer conditions can 

reduce binding.  Antibodies may also bind an epitope of a protein found on many cell 

surfaces, depending on the conditions used for their generation (for example, EpCAM 

antibody will bind to cancerous and normal epithelial cells).  However, aptamers can be 

selected to bind to one specific type of cancer, or even a specific cell line within the 
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disease.  Aptamer synthesis is more straightforward than antibody generation, and an 

affinity label such as biotin facilitates immobilization to a (strept)avidin-coated surface.  

Linkers such as polyT are often incorporated to provide distance from the solid support 

and flexibility for aptamer binding.159  Antibodies can be labeled by various chemistries 

to promote immobilization, but this requires an extra purification step and often it is 

uncertain exactly where on the protein the tags end up.  This can cause the protein to 

be immobilized in a way that renders their antigen binding sites unavailable, as 

demonstrated in Figure 1-8.158  Also, it may interfere with antigen binding, or reduce the 

stability of the protein, as was the case in immunoglobulin G (IgG) biotinylation.160  

Therefore, aptamers are immobilized on capillary walls as CAC stationary phases in this 

work. 

Theory of cell capture 

The theory dictating flow in square capillaries is similar for square and circular 

capillaries, although the equations may vary, especially when area is used as a 

parameter.  Fluid flow is characterized by either exhibiting laminar or turbulent 

properties; laminar flow is desired because it is an ordered flow of fluid throughout the 

tubing, while turbulent flow is chaotic.  The Reynolds number (Re) is calculated to 

determine whether the flow is laminar or turbulent (equation 1-1).  Reynolds numbers 

below ~2000 dictate that laminar flow will occur within the system.161 

μ

ρvd
 eR           [1-1] 

In equation 1-1, ρ describes the density of the fluid (kg/m3), v is the fluid velocity (m/s), d 

is the diameter of the tube (m), and μ is the viscosity of the fluid (Pa*s).  For fluid flow in 

a square or rectangular (noncircular) tube, the diameter is actually defined as hydraulic 
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diameter (Dh), calculated via equation 1-2, where L and W represent length and width of 

the cross-sectional area of the capillary in meters. 

 WL

2LW
 Dh


           [1-2] 

After determining that the system will operate by laminar flow guidelines, it is 

important to take into consideration the diffusion times of the target so proper incubation 

times can be utilized.  Stokes’ Law (equation 1-3) describes the force exerted on 

spherical objects (such as cells) at low Reynolds number through a fluid.161 

rvFfr 6           [1-3] 

Ffr represents the frictional force (N), r is the cell radius (m), and v is the fluid velocity 

(m/s).  When Stokes’ Law holds (as in conditions of low Re), the Einstein relation can be 

used to calculate the diffusion constant of the target (equation 1-4). 

r

kT
D

6
           [1-4] 

T is the temperature (K) and k depicts Boltzman’s constant (J/K*mol).  The diffusion 

constant is then used to calculate the diffusion time (t) by equation 1-5, where x is the 

average distance (m). 

D

x
t

2

2

            [1-5] 

Table 1-2.  Diffusion constants and times for samples of different diameters 
Sample r (m) D (m2/s) t (s) 
ATP 1.00 x 10-9 2.45 x 10-10 2.9 
Thrombin 3.00 x 10-9 8.17 x 10-11 8.6 
Nanoparticle 5.00 x 10-9 4.90 x 10-11 14.3 
Cell 5.00 x 10-6 4.90 x 10-14 14341.6 



 

40 

 

 The diffusion times of targets of several different sizes are listed in Table 1-2 for 

a capillary with an inner diameter of 75 μm.  The value of x is assumed to be 

approximately half of the diameter, 37.5 μm.  Note that for a cell, the diffusion time is 

close to 4 hours. 

However, the effects of gravity on a particle as large as a cell must be considered.  

When Stokes’ Law applies, the settling velocity (Vs) of a cell can be calculated by 

equation 1-6. 
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          [1-6] 

ρ represents the density of the particles (ρp) or fluid (ρf) (kg/m3), and g is the 

gravitational acceleration constant (m/s2).  Using a dynamic viscosity of 9.0 x 10-4 Pa*s, 

Vs is calculated as 5.51 x 10-5 m/s.  This value is then used to calculate the settling time 

for a cell (ts) as 0.68 sec for a 75 μm diameter capillary by equation 1-7. 

s
s

V

x
t             [1-7] 

Therefore, cells/affinity ligand incubation times should be set with consideration of Vs, 

since the system is dominated by sedimentation forces, not diffusion forces. 

Figure 1-9 represents several crucial parameters determining whether a cell will 

adhere to a surface.162  When the cell closely approaches (100-300 Å) the ligand-

immobilized surface, substantial pressure builds up on the region of the cell closest to 

the binding surface, and that area of the cell flattens.  This area becomes the contact 

area between the cell and surface.  The cell is assumed to possess receptors on the 

surface which bind to the capture ligand.  Upon binding, the inherent diffusional mobility 

of the receptors in the cell membrane allow for additional contacts to be made.  Once 
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bound, shear forces of the flowing liquid act on the cell, with the strongest forces acting 

on the cell apex.163 

 
 

Figure 1-9.  Processes occurring in cell adhesion.162 

The cell will bind to the surface if the adhesion forces are greater than the shear 

forces (equation 1-3) acting to break the ligand/cell bonds. The adhesion force (FA) is 

given by equation 1-8,151 and the critical force (fc) required to rupture the ligand/cell 

bond is given by equation 1-9.164 

sccA CAfF            [1-8] 

Ac is the cell contact area with the ligand-bound surface (~1 μm2 for cell radius of 5 

μm),165 and Cs is the number of receptors on the ligand-bound surface within the cell 

contact area. 
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           [1-9] 

r0 represents the separation distance between receptors at the minimum breaking force, 

and αc= KCs, where K is the equilibrium constant between the cell receptor and ligand.  
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When substituting KCs in for the αc term and Kd= 1/K for the K term, Kd is inversely 

proportional to fc, meaning a lower Kd (high affinity) will require a stronger force to break 

the ligand/cell bond.164 

 Another similar way to predict cell adhesion is by comparing the bonds formed 

during a collision (B*) to the number of bonds required to resist the forces acting against 

the bonds (Bc).  When B*>Bc, cell adhesion to the surface will occur.165  Collisions of 

cells with the surface will commence during a specified amount of time called the 

collision duration (τc), in which a is the radius of the contact area (equation 1-10).  This 

is applied to equation 1-11 to determine B*, in which case B is the density of bonds 

formed.  Bc is determined by the Stokes force and the critical force required to break the 

ligand/receptor bond (equation 1-12).95 

v

a
c             [1-10] 

BAB cc*           [1-11] 
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Following cell capture, the cells can be eluted from the capillary and quantified by 

off-line measurements using tools such as a hemocytometer, or retained for additional 

studies.  Traditional CAC elution methods include addition of a competitive agent or 

implementing high mechanical shear rates, however, bubble-induced detachment has 

recently shown attractive attributes.91  The air/liquid interface exerts shear forces on the 

captured cells, breaking the cell/ligand bonds, and the cells can be eluted directly 

without further dilution.166  The bubble-induced detachment method also demonstrates a 
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higher elution efficiency than previous elution methods, and higher cell viability for 

applications where the eluted cells are cultured.91  

Overview of the Dissertation 

The data presented in this dissertation will demonstrate the utility of DNA 

aptamers for two different bioanalytical applications.  Chapters 2-4 will detail the work 

performed to generate an aptamer which can serve as an antidote to the anticoagulant 

bivalirudin.  Chapter 2 features some in depth general discussion of several SELEX 

steps with a bead-based selection strategy, while Chapters 3-4 describe an aptamer 

selection and characterization using a monolithic column.  In Chapter 5, the focus 

switches to proof-of-concept studies for the aptamer-based capture of leukemia cells in 

a square capillary.  Chapter 6 illustrates the improvements in the system operation upon 

optimization, particularly highlighting an increase in capture efficiency, leading to 

detection of leukemia cells in blood samples.  The capture of two different colon cancer 

cell lines by the specific aptamer for each is also described with this system.  The 

concluding chapter summarizes the global significance of this work, and outlines 

prospective directions of the research. 
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CHAPTER 2 
METHODOLOGY AND DEVELOPMENT OF BEAD-BASED APTAMER SELECTION 

Introduction 

Anticoagulation with Bivalirudin 

Bivalirudin is an anticoagulant used as an alternative to heparin in patients with 

unstable angina undergoing percutaneous coronary intervention (PCI).167  The drug is a 

bivalent direct thrombin inhibitor, binding to both exosite 1 and the active site of 

thrombin with an inhibition constant of 2 nM.  The 20 amino acid peptide has a 

molecular weight of 2180 Da, and is cleaved at the Arg3-Pro4 bond with a half life of 

approximately 25 min.  Among the most important advantages of using bivalirudin in 

place of heparin (described in detail in Chapter 1) are that it inhibits soluble and clot-

bound thrombin and it will not instigate HIT.  Approximately 600,000 (5%) patients out of 

an annual total of  12 million receiving heparin develop HIT and can no longer continue 

heparin administration.168  

Despite the many advantages, one reason why the use of bivalirudin has not 

become more widespread is the cost of the treatment.  Administration of the drug could 

reach upwards of $2000, while a 24 hour dose of heparin is only $3.50.131, 132, 169  

However, these estimates do not account for possible cost savings due to decreased 

bleeding and lower need for monitoring from bivalirudin, which have been reported as 

~$400 lower with bivalirudin than other inhibitors.134   

Perhaps the most significant explanation of why bivalirudin use is not more 

prevalent is because an antidote to bivalirudin is not currently available.  This critical 

issue is the inspiration for much of the work performed in this dissertation.  For this 

project, an aptamer antidote will be selected for bivalirudin which can restore 
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coagulation activity in the instance of severe patient bleeding.  The aptamer is expected 

to function according to the schematic depicted in Figure 2-1.128   The selected aptamer 

may compete with bound thrombin for peptide binding, releasing the drug from the 

complex and restoring coagulation, and/or inhibit free peptide from interacting with 

thrombin.  High-affinity aptamers (similar affinity to the drug/thrombin complex) will likely 

display both functions, while lower affinity aptamers may still be able to operate 

according to the second mechanism. 

Aptamer

Thrombin

Peptide

Aptamer interacts with thrombin-
bound peptide, releasing it from 
complex

Aptamer binds free peptide, 
inhibiting binding to thrombin

 
Figure 2-1.  Mechanisms of aptamer/peptide interactions for restoring coagulation.  The 

aptamer may compete with thrombin for peptide binding, releasing the drug 
from the complex (left) and/or bind to the free peptide, rendering it unavailable 
to interact with thrombin (right).128 

Aptamer Development 

Aptamers are generated via an in vitro process known as SELEX, depicted in 

Figure 1-3.  The critical step determining the efficiency of the selection is the partitioning 

of the binding sequences from the nonbinding sequences.  A variety of methods have 

proven effective for this purpose, including nitrocellulose membranes, affinity capture, 

column immobilization, cross-linking, gel electrophoresis, immunoprecipitation, 

centrifugation, and capillary electrophoresis.77  However, many of these methods rely on 
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a significant difference between the bound and unbound forms of aptamer/target, which 

is problematic with small molecules such as peptides because the difference between 

the bound and free DNA is frequently insufficient for separation.  For example, 

nitrocellulose membranes employ a molecular weight cutoff in which the disparity 

between the free aptamer and bound complex is not large enough for the nonbinding 

sequences to be partitioned by the membrane.  Similarly, gel electrophoresis and 

capillary electrophoresis separate samples based on a change in electrophoretic 

mobility between the bound and unbound sequences.  This difference may not be 

enough for separation with small molecule targets depending on the properties of the 

system.  

This work focuses on using affinity tags to capture binding sequences with 

micrometer-sized beads, followed by centrifugal separation from nonbinding sequences.  

Specifically, the work presented in this chapter outlines the SELEX steps and uses a 

streptavidin-coated bead-based partitioning method to separate DNA/biotinylated 

complexes from nonbinding sequences to select an aptamer for bivalirudin. 

The SELEX process is divided into several steps which are generally applicable to 

any selection, although the exact methods used may change.  These subcategories 

include: 1) Experimental design; 2) Design of PCR primers and library; 3) Optimization 

of PCR conditions; 4) SELEX procedure; 5) PCR procedures; 6) Monitoring selection 

progress; 7) Sequencing and post-selection characterization studies (discussed later). 

Materials and Methods 

Experimental Design 

Partitioning of the binding sequences from nonbinding sequences was achieved 

by immobilization of the DNA/biotinylated target to streptavidin-coated micrometer-sized 
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beads, then centrifuging the beads and discarding the supernatant liquid.  The 

streptavidin/biotin method was chosen for further study because the interaction exhibits 

a femtomolar (~10-15 M) dissociation constant, enabling an efficient capture of biotin-

tagged species.170  

The peptide was biotinylated at the N-terminus by an overnight incubation with 

Sulfo-NHS-SS-biotin (Pierce) in PBS at a 1:0.8 drug-to-biotin ratio.  The limiting amount 

of biotin was to assure the drug would not be doubly biotinylated, possibly altering the 

properties.  The N-terminus was utilized for capture (and immobilization in Chapter 3) 

due to the drug structure and mechanism of binding discussed in Chapter 1.  Since the 

drug binds to exosite 1 via the C-terminus prior to active site binding, aptamer inhibition 

of C-terminus binding will most likely be effective in reducing the anticoagulant effect.  

Also, most of the tertiary structure of bivalirudin which presents a probable area for 

aptamer binding is observed at the C-terminus.  Therefore, this region should remain 

free for aptamer binding. 

Next, the biotinylated drug was purified on an analytical scale using reverse-phase 

HPLC (1.0 mL/min; C18 column; 4.6 mm ID; 25 cm length; a gradient beginning with 

water/TFA (100/0.1), and continuing to acetonitrile/TFA (100/0.1), 10-80% over 32 min, 

monitoring at 214 nm).  The samples corresponding to the major peaks were analyzed 

by MALDI/TOF (α-cyano-4-hydroxycinnamic acid matrix) in order to determine which 

fraction contained the correct mass-to-charge ratio (m/z ~2569).  A negative ninhydrin 

test, (a test for a free α-amino group) indicated that the N-terminus was biotinylated 

instead of amino acid side-chains.  Finally, the process was repeated on the preparative 

scale to generate enough product for the ensuing research.  All peptide purifications 
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and mass spectrometry were performed at the Interdisciplinary Center for Biotechnology 

Research (ICBR) at the University of Florida (Gainesville, FL) 

Design of PCR Primers and Library 

The design of a functional set of primers and DNA library is a crucial step in 

determining the efficiency of the PCR, in order to optimize the yield and avoid 

mispriming.  One consideration in primer design is nucleotide length, which is typically 

around 20 nucleotides.  This length is long enough to specifically recognize the priming 

region of the template, yet short enough to bind at annealing temperatures from 52-

60°C.  This temperature is optimal because it is sufficiently lower than the polymerase 

extension temperature of 72°C, so extension will not begin until the primers have 

annealed.  Also, the GC content must be carefully controlled in order to maintain a 

desirable melting temperature (Tm), which is approximately ±5°C of the annealing 

temperature used.  The primers are designed to have similar Tm (within 1°C), and avoid 

stretches of repeated sequences or base runs (such as AAAAAA or CGCGCG) to 

encourage the proper primer annealing positions.  Finally, the primers should not 

demonstrate significant secondary structure formation (hairpin) near the Tm, or form 

either homo- or heterodimers.  These interactions will lower the yield of the PCR by 

decreasing the amount of primers available for annealing to the template strand. The 

primers and library were designed using IDT OligoAnalyzer software.   

The forward (sense) primer was labeled with 5’-FAM (5/6-carboxyfluorescein) for 

monitoring the progress of the selection by flow cytometry.  The reverse (anti-sense) 

primer was 5’-biotinylated for capture by streptavidin coated beads used for preparing 

ssDNA for subsequent selection rounds after PCR amplification. 
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The library template is constructed based on the sequences of the primers.  The 

library consists of two PCR primer regions flanking a random region of ~30-50 

sequences.  This random region generally contains sufficient sequences to ensure the 

complexity of the initial pool (complexity= yN, where y is the number of nucleotides 

possible (4), and N is the length of the random region) is high enough that unique 

sequences are present in the initial pool.  This is necessary because the number of 

sequences capable of significant target binding represents only 1 in 109 to 1 in 1013 of 

molecules present in the starting library.77 The 5’ primer region is the same sequence as 

the sense primer, while the 3’ primer region is the complement of 3’-5’ anti-sense primer 

since it will prime and extend the anti-sense template strand. 

Based on the primer design guidelines, the following primers and DNA library 

template were devised: 

Forward primer (sense): FAM-CTC ATG GAC AGG CTG CAG AC 

Reverse primer (anti-sense): Biotin-CTG TAG TGG CAT CCG AGC GT 

FAM-CTC ATG GAC AGG CTG CAG AC-(N)40 -ACG CTC GGA TGC CAC TAC AG 

All oligonucleotides were synthesized using standard phosphoramidite chemistry on an 

ABI3400 DNA/RNA synthesizer (Applied Biosystems).  DNA purification was performed 

with a ProStar HPLC (Varian) using a C18 column (Econosil, 5U, 250 mm × 4.6 mm) 

from Alltech Associates. UV-Vis measurements to measure DNA concentration were 

performed with a Cary Bio-300 UV spectrometer (Varian). 

Optimization of PCR Conditions 

The annealing temperature of the primers used throughout the remainder of the 

selection is the highest temperature that gives efficient amplification with minimal 

nonspecific binding in the desired temperature range.  The higher annealing 
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temperature increases the likelihood that the primers will bind to their expected priming 

regions, since mispriming positions will have a lower Tm.   

All PCR mixtures (Takara) contained 50 mM KCl, 10 mM Tris HCl (pH 8.3), 1.5 

mM MgCl2, dNTPs (2.5 mM), 0.5 µM each primer, Hot-start Taq DNA polymerase (5 

units/µL), and the library concentration was 50 pM.  Temperatures from 55.0°C-63.0°C 

were compared by gel electrophoresis, with 60°C indicated as optimal.  The following 

conditions were used for the initial test of primers and library: initial hot start 

temperature of 94.0°C for 3 min, repeated cycles (30 sec each) of 94.0°C for 

denaturation, annealing at 60°C, then 72.0°C for elongation, and final extension at 

72.0°C for 5 min followed by an indefinite hold at 4.0°C (Biorad iCycler). 

Selection Procedure 

The first round of selection began with a very large amount (~1014 sequences) of 

the initial DNA library incubated with the target.  The multitude of sequences increases 

the likelihood that at least one of the sequences in the pool will bind specifically to the 

target.  The library was heated at 95°C for 5 minutes and snap cooled at 4°C to ensure 

the sequences were not dimerizing and were folded into their most favorable 

conformations.  Fifty pmol of biotinylated drug and 1 nmol of the initial library were 

incubated for 30 min in 200 µL physiological buffer (PB: 25mM Tris-HCl (pH 7.5), 150 

mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 1% BSA, 0.1% tRNA).  One mL of 

streptavidin-coated beads (Bangs Labs, 5.6 μm, polystyrene core) was centrifuged at 

10,000 rpm for 3 min and washed twice with 1 mL of PB. The drug/library mixture was 

then added to the washed beads and incubated for 10 min.  The particles were 

centrifuged and washed twice with both 1 mL of PB and 1 mL of WB (500 mL PBS 

buffer and 5 mM MgCl2) in order to remove nonbinding species, then dispersed in 1 mL 
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of water.  The binding oligonucleotides were heat-eluted for 5 min at 95°C and 

centrifuged to recover the supernatant liquid which contained the binding DNA 

sequences.  This DNA was then amplified by PCR. 

PCR Amplification Procedure 

The first pool is PCR amplified for the next selection round in a series of 3 steps: 

a.  The entire pool is amplified 

b.  The number of cycles is optimized 

c.  Preparative PCR is carried out according to (b). 

However, in any subsequent rounds, only steps (b) and (c) are necessary. 

PCR amplification of entire first pool 

PCR serves as a step to amplify the binding sequences of each round for use in 

the next round of selection.  The first round requires special attention because there is 

only one of each sequence present in the pool after incubation with the target.  

Therefore, the entire pool is subjected to the PCR in order to amplify all possible 

sequences for the next round.   

Table 2-1.  PCR preparation of entire pool 
Reagent Volume (μL) 
10X PCR Buffer 
dNTP (2.5 mM each) 
Primers (10 μM each) 
DNA pool 
DNAse Free Water 
Taq Polymerase 

100 
80 
50 
200 
570 
3 

 

A 1000 µL amplification reaction volume was set up as shown in Table 2-1.  The 

volume of water was adjusted to compensate for the total volume in instances where 

the DNA pool volume varies.  The PCR reaction components are mixed thoroughly and 

200 µL of the solution was pipetted into 5 individual 0.5 mL PCR tubes. The mixtures 
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were PCR amplified using the PCR amplification program in Figure 2-2.  After this initial 

PCR amplification, all PCR products from individual tubes were pooled together and 

used as the template for the next PCR procedure. 

94°C 94°C

60°C

72°C 72°C

4°C

3 min 30 sec

30 sec

30 sec 5 min

∞
1X 15X 1X

A B C
C L12152125 15L

 

Figure 2-2.  PCR amplification of initial library.  A) PCR amplification program; B) Cycle 
optimization; C) Preparative PCR. 

Cycle optimization for preparative PCR 

Table 2-2.  PCR cycle optimization 
Reagent Volume (μL) Control (μL) 
10X PCR Buffer 100 5 
dNTP (2.5 mM each) 80 4 
Primers (10 μM each) 50 2.5 
DNA pool 200 - 
DNAse Free Water 570 38.5 
Taq Polymerase 3 0.15 

 

In this step, the optimal number of PCR cycles is determined for the preparative 

PCR that generates DNA for the next round.  The purpose of this step is to perform 

enough cycles to maximize the amount of DNA retrieved without nonspecific 

amplification.  The amplified PCR pool served as the template and accounted for 10% 

of the total reaction volume.  Fifty μL of the reaction mixture amplified under the 

conditions in Table 2-2 was aliquoted into separate 0.5 mL PCR tubes and was 

amplified by the program shown in Figure 2-2.  At the end of various PCR cycles (12, 
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15, 21, or 25 for this selection), one PCR tube was removed from the instrument.  The 

PCR products were analyzed by 3% agarose gel electrophoresis, and the cycle number 

displaying optimal amplification (15 cycles) was utilized for the preparative PCR step 

(Figure 2-2B). 

Preparative PCR 

This PCR amplification step is used to generate enough ssDNA for the second 

round of selection.  Usually ~1000 μL of total PCR reaction volume is sufficient, 

although higher volumes may be used in certain cases.  The reaction components for 

1200 μL reaction mixture are shown in Table 2-3.  Once again, the PCR reaction 

components were mixed thoroughly and 200 µL of the solution was pipetted into 6 

individual 0.5 mL PCR tubes.  The mixtures underwent amplification using the program 

shown in Figure 2-2 at the optimum cycle number (15 cycles) and were pooled together 

for ssDNA preparation after analysis by gel electrophoresis (Figure 2-2C). 

Table 2-3.  Preparative PCR 
Reagent Volume (uL) Control (uL) 
10X PCR Buffer 120 20 
dNTP (2.5 mM each) 96 16 
Primers (10 uM each) 60 10 
DNA pool 120 - 
DNAse Free Water 804 154 
Taq Polymerase 3.6 0.6 

 

Gel electrophoresis monitoring of products 

Agarose gel electrophoresis is used in a selection procedure for analysis of cycle 

optimization and to ensure that satisfactory amplification has occurred following 

preparative PCR.  The mobility of a DNA fragment is dependent on the size, charge, 

and conformation of the molecule and the strength of the electric field applied.  

Additionally, gels containing different percentages of agarose will influence the 



 

54 

separation of fragments.  For aptamers of ~80-100 bases, 3% agarose is sufficient for 

separation of PCR amplicons.  The intercalating UV dye ethidium bromide (EB; 0.005% 

v/v) was added to a solution of the 3% agarose (w/v) in 40 mL of tris-borate-EDTA 

buffer (TBE buffer) for visualization. 

 Ten μL of each PCR product analyzed was combined with 2 μL of 6X Blue/green 

loading dye.  The 25 bp ladder was prepared by adding 2 μL of 6X Blue/green Loading 

dye, 1 μL of ladder, and 9 μL of deionized water.  The samples were each loaded into a 

different lane, and the electrophoresis conditions are set to 100 V, 2 A, for 40 min. 

Preparation of ssDNA 

PCR amplification generates double-stranded DNA (dsDNA), and must be 

converted to ssDNA before the next round of selection, since only the sense DNA 

strands have been selected to bind to the target.  This is accomplished by capturing the 

amplicons on streptavidin-coated beads via the biotinylated antisense primers which 

have been incorporated into the antisense DNA strand following PCR.  Adding NaOH 

ruptures the hydrogen bonds of the strands, and the sense strands are eluted from the 

beads while the antisense strands remain attached. 

Streptavidin-coated Sepharose beads (GE Healthcare; 300 µL) were added to a 

column (Glen Research Expedite Style) blocked by two frits (1 µm pores).  The beads 

were washed with 4 mL of Dulbecco’s PBS buffer by syringe, and the entire PCR 

product was added to the column.  The plunger was loosely inserted into the syringe to 

control the flow rate of the PCR product in order to allow the biotinylated strands ample 

time to bind to the streptavidin.  The PCR product flow-through was collected and run 

through the column two additional times to ensure maximum collection of the DNA on 

the beads.  The column was washed with 6 mL of PBS buffer, then 0.5 mL of 0.2 M 
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NaOH was added to elute the ssDNA product.  In each step, the syringe was removed 

from the column, followed by plunger removal to minimize disturbance of the beads. 

Desalting of ssDNA 

The excess salt used to denature the dsDNA must be removed from the ssDNA 

product before the next round of selection.  A Sephadex G-25 DNA Grade NAP-5 

desalting column (GE Healthcare) was washed with 3 column volumes of water.  The 

ssDNA product was added to the column and allowed to drain, and desalted ssDNA 

was eluted and collected in 1 mL of DNAse-free water.  The concentration of the ssDNA 

was determined by UV absorbance at 260 nm and the ssDNA was dried by vacuum 

dryer.  The DNA pellet (~80 pmoles after the first round) was reconstituted in 500 μL PB 

for the second round of selection. 

Second and Succeeding Rounds of Selection 

The SELEX procedure leading to the generation of aptamers is an evolutionary 

process beginning with a large amount of initial DNA library.  From beginning to end, the 

population of sequences binding specifically to the target increases, until evolution of a 

final pool containing a majority of binding sequences.  Through the various selection 

rounds, the stringency of the process is increased in order to select aptamers with the 

most desirable properties.  This is carried out in a variety of ways throughout the 

progression of the selection including: 1) Increasing the ratio of library to target.  This 

increases the competition among the sequences for fewer target molecules so the 

higher affinity oligonucleotides will be preferentially retained; 2) Decreasing the 

incubation time.  The sequences with the most favorable binding kinetics will bind the 

target; 3) Increasing the wash volume.  In this manner, the higher amounts of BSA and 

tRNA will compete and remove weakly binding sequences from the target; 4) 
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Introduction of a negative selection step.  This will remove the sequences that are not 

specific for the target. For this work, this means removing the sequences which bind to 

the streptavidin-coated beads. 

The point in which a negative selection is instituted varies between researchers.  

Some groups perform this task before the initial positive selection in order to 

immediately subtract out any sequences that are not specific to the target.171  However, 

this runs a high risk of losing potential aptamers due the number of unique sequences 

present in the initial pool and the inefficiency of partitioning methods.172   Therefore, a 

negative selection step is typically introduced later in the selection, when higher 

numbers of specific binders are present in the pool. 

Table 2-4.  Conditions for initial SELEX 

Round 
Amount 
B-Drug 

Amount 
Library Lib:Drug 

Incubation 
Time 

Wash 
Volume 

Bead 
Volume 

1 50 pmol 1 nmol 20.0:1 30 min 1 mL 1 mL 
2 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 
3 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 
4 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 
5 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 
6 7.5 pmol 50 pmol 6.7:1 30 min 500 uL 150 uL 
7 7.5 pmol 50 pmol 6.7:1 30 min 500 uL 150 uL 
8 5 pmol 50 pmol 10.0:1 25 min 750 uL 150 uL 
9 5 pmol 50 pmol 10.0:1 20 min 750 uL 100 uL 

 

In the first selection, no negative selection was used.  The conditions for this 

selection are shown in Table 2-4.  As the selection progressed from the second to the 

final round, the library-to-drug ratio increased from 5:1 to 10:1, the incubation time 

decreased from 30 minutes to 20 minutes, and the wash volume increased from 500 μL 

to 750 μL.  The bead volume was decreased in order to lower the instances of 

nonspecific binding to the streptavidin and increase competition between DNA 

sequences as the ratio of library-to-drug increased. 
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Flow Cytometry Monitoring of Selection Progression 

 During selection, it is necessary to monitor the progress of the pool evolution in 

order to determine if conditions are appropriate and to establish when the pool appears 

to be maximally enriched.  One convenient method for selection monitoring is flow 

cytometry, in this work facilitated by capture of the FAM-DNA/biotinylated drug 

complexes by the streptavidin coated beads.  Flow cytometry uses the principles of light 

scattering, light excitation, and light emission of fluorophores to gather specific data on 

particles from ~0.5-40 µm.  Particles entering the instrument are hydrodynamically 

focused by a flowing sheath of buffer to individually intersect a light source (typically an 

argon ion laser).  Once the particles enter the laser beam, they scatter the light, and 

fluorophores present on binding sequences are excited to a higher energy state (Figure 

2-3).173  This energy is released in the form of photons that emit with properties 

characteristic of each dye.  Many flow cytometers have an optical setup which can 

detect dyes emitting at three different wavelengths or fluorescence “channels;” 525 nm 

(FL-1; FAM and FITC), 575 nm (FL-2; PE), and 620 nm (FL-3; PE/Cy5 tandem).  The 

emitted light of each individual particle is converted into electrical pulses by the 

detector, then graphically displayed to provide information on particle size, complexity, 

and fluorescence intensity.   

In a selection, an increase in fluorescence intensity of an oligonucleotide pool 

when compared to the initial library indicates that more of the fluorescently-labeled 

sequences are binding to the target, resulting in an increasingly enriched pool.  

Generally pool monitoring does not begin until around the third round of selection 

because pools from earlier rounds are typically not enriched enough to generate a 

measurable increase in fluorescence.  Also, the measurements are often performed in 
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batches of 2-4 rounds to ensure the conditions are comparable.  As the selection 

progresses past the initial rounds, one generally observes the pools gradually increase 

in fluorescence, indicating that the selection conditions are appropriate for enriching the 

pool.  The selection is considered complete when the following conditions are met: 1) 

There is a significant increase in fluorescence intensity between the unselected initial 

library and the pool; 2) 2-3 consecutive rounds of selection do not further increase the 

fluorescence intensity of the pool. 

 
Figure 2-3. Schematic of flow cytometry instrumentation.173 

A Becton Dickinson FACScan flow cytometer was utilized for study. Each assay 

involved a 30 minute incubation of 2.5 pmol of the biotinylated drug with 250 nM FAM-

aptamer pool in 50 µL total volume.  Fifty µL of 5.6 µm streptavidin-coated beads were 

washed twice with 50 µL of PB, then incubated for 30 min with the drug/pool mixture.  

To test pools for binding to the beads, the sequences were directly incubated with 
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beads for 30 min.  The beads were washed twice with 50 µL of PB, twice with 50 µL of 

WB, and finally suspended in 400 µL of WB.  A total of 20,000 events were counted for 

each sample. 

Flow cytometry for DNA blocking step 

The concentration of an unlabeled random library (D3B) required to saturate the 

streptavidin was determined by flow cytometry assay.  Here, different molar excesses 

(2X-200X) of library D3B compared to the calculated amount of streptavidin on the 

beads were first incubated with the beads for 10 min.  Another FAM-labeled library (D2; 

50 pmole) was incubated with the beads/unlabeled library for 30 minutes and assayed 

as described previously.   

Flow cytometry for TCEP cleavage 

To optimize the TCEP cleavage conditions, the basic flow cytometry assay 

outlined above was followed with these notable changes: 1) 2.5 pmole FAM-DNA-SS-

Biotin library was substituted for the drug incubation; 2) After incubation and washing 

steps, TCEP concentrations from 0.1-500 mM were added to the bead/DNA complexes 

and incubated for 30 min or 1 hr on a shaker.   

Results 

Enrichment of Aptamer Pool 

The results of flow cytometry assays for aptamer selection monitoring are typically 

displayed in the form of histograms (Figure 2-4).  This is a graphical plot of the 

fluorescence intensity of the FL-1 (FAM) channel versus the number of events counted.  

Figure 2-4A depicts a control histogram of the beads, an expected low intensity binder 

(FAM-labeled initial library), and a sequence expected to demonstrate a high amount of 

fluorescence (biotinylated and FAM labeled sequence).  Minimal binding is observed for 
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the initial library, but the biotinylated sequence displays significant fluorescence (~103).  

This is expected because the initial library will have few sequences binding since it is 

not enriched for the target and the biotinylated/FAM sequence will show increased 

binding because of the biotin binding to the streptavidin on the beads.  The fluorescence 

of the biotinylated sequence is commonly said to have a fluorescence “shift” (referring to 

the relative positions along the x-axis) compared to the initial library. 

Beads

Biotin-DNA-FAM
Library

Library
8th Round
9th Round

Library +
Library –
6th Round +
6th Round –
7th Round +
7th Round –
8th Round +
8th Round -

Library
5th Round
6th Round 
7th Round 

C

A B

D

 

Figure 2-4.  Flow cytometry data of initial selection.  A) Beads, library, and positive 
control; B) Rounds 5-7; C) Rounds 8-9; D) Rounds 6-8 incubated with either 
beads alone (-) or drug with bead capture (+). 

  The shift between the initial library and each of the pools is the major area of 

interest, so the particle study (beads alone) is not considered in additional assays.  

Figure 2-4B is the binding assay of rounds 5-7, and a noticeable shift is observed for 
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round 7.  Therefore, the stringency of the selection was raised for round 8 in terms of 

library-to-target ratio, decreased incubation time (further decreased in round 9), and 

increased wash volume.  After several rounds of selection, the pool appeared to be 

enriched, as evidenced by a decrease in fluorescence in round 9 (Figure 2-4C).  This 

fluorescence decrease between rounds 8-9 may be due to a loss of some of the lower 

affinity binders due to the selection stringency. 

 Despite the increase in fluorescence intensity, the binding could actually be 

caused by the pools binding to the streptavidin on the beads instead of the drug target.  

Therefore, a flow cytometry assay comparing the shifts of each pool with (+) and without 

(-) drug present was performed (Figure 2-4D).  The shifts between each pool were 

nearly identical, implicating the beads as the source of binding rather than the desired 

drug target.  Streptavidin is much larger than the drug target, which likely results in more 

binding sites available to aptamers.  To reduce this binding, negative selection against 

the beads may subtract out sequences binding to the streptavidin. 

Selection Modification #1 

Table 2-5.  Conditions for selection modification #1 

Round 
Amount 
B-Drug 

Amount 
Library Lib:Drug 

Incubation 
time 

Wash 
Volume 

Bead 
Volume 

Bead 
Volume - 

6 7.5 pmol 50 pmol 6.7:1 30 min 500 uL 150 uL 75 uL 
7 7.5 pmol 50 pmol 6.7:1 30 min 500 uL 150 uL 150 uL 
8 7.5 pmol 50 pmol 6.7:1 30 min 500 uL 150 uL 150 uL 
9 5 pmol 50 pmol 10.0:1 20 min 750 uL 100 uL 175 uL 

 

The 5th round of selection demonstrated no significant shift, so a new selection 

instituting a negative selection was begun from the pool obtained after five rounds of 

selection.  The conditions for this selection are observed in Table 2-5.  The final column 
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shows the volume of beads used for a 30 minute negative selection step, wherein the 

sequences that do not bind to the streptavidin beads are retained for further steps. 

A B

 

Figure 2-5.  Flow cytometry data of selection modification #1.  A) Library and round 8A 
(without negative selection) incubated with either beads alone (-) or drug with 
bead capture (+); B) Rounds 8-9B (with negative selection). 

The flow cytometry assay of the selection progression (Figure 2-5) is divided into 

two figures to clarify the results.  In this assay, a small portion of the pool from round 8 

was retained after the positive selection, and not subjected to the negative selection 

(Figure 2-5A).  This is considered round 8A, while round 8B is the pool after the 

negative selection was performed (Figure 2-5B).  In this manner, it was determined that 

the negative step did subtract out some nontarget binders, as evidenced by the 

decreased fluorescence intensity after the subtraction.  But the remaining sequences 

were still binding to the beads, since the shifts of round 8B with (+) and without (-) drug 

were still similar.  The subtraction step was also most likely insufficient to remove all of 

the high affinity sequences from the beads due to the shoulder of the histograms on 

Figure 2-5B.  This shoulder likely corresponds to some of the sequences binding to the 

streptavidin prior to the subtraction step remaining in the solution.   
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Selection Modification #2 

For the next selection, two aspects were combined to increase the likelihood of the 

selection of a target-binding sequence: 1) A random initial library was incubated with the 

beads prior to the addition of the target/DNA complexes; 2) The disulfide bond 

incorporated into the biotin peptide label was cleaved with the reducing agent tris(2-

carboxyethyl)phosphine (TCEP) in order to retain only sequences binding to the 

peptide; 3) The library/primer set was changed to reduce possible contamination. 

 1The random library must be one which is not amplified by the primers used in this 

selection.  Random libraries D1A and D3B were tested by the PCR amplification 

method described above for 30 cycles and analyzed by agarose gel electrophoresis.  

The D3B library did not appreciably amplify (Figure 2-6), and was utilized for further 

study. 

1 2 3 4

 

Figure 2-6.  PCR of unlabeled DNA library. 1) 25-bp ladder; 2) Negative control; 3) 500 
pM library (no PCR); 4) PCR of 500 pM library.  PCR did not amplify the 
library. 

Figure 2-7 (representative of results in triplicate) shows that the increasing 

amounts of unlabeled “blocking” DNA actually increased the amount of labeled random 

library binding to the surface.  We hypothesize that this is due to the labeled library 
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actually binding to the blocking library, thus increasing the fluorescence when more 

blocking library is present.  Therefore, this method of attempting to nonspecifically block 

the streptavidin with unlabeled DNA was abandoned, and selection was performed by 

TCEP cleavage. 

 

Figure 2-7.  Streptavidin blocking with excess random library. 
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2
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Figure 2-8.  TCEP concentration optimization. A) 30 min TCEP incubation; B) 1 hr 

TCEP incubation. 

TCEP concentration was optimized to selectively partition sequences binding 

solely to the target.  The decrease in fluorescence from the positive (+) control (no 

TCEP added) as higher concentrations of TCEP were added can be observed.  This 

correlates to more of the DNA being cleaved from the beads.  Although the signal did 

Unlabeled + SA
Labeled + SA
2X Excess
10X Excess
25X Excess
75X Excess
100X Excess
200X Excess
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not completely decrease to the levels of the negative (-) control, some of the cleaved 

DNA may remain in the system and possibly bind to the streptavidin.  Nonspecific 

binding of a random library to the streptavidin is demonstrated in Figure 2-8B (blue line), 

where the nonbiotinylated library produces appreciable binding to the beads.  Based on 

the results, 200 mM TCEP was used for all further studies.  

Further, the effect of TCEP on either PCR amplification or biotin/streptavidin 

binding was assessed.  A 15-cycle PCR was performed on the initial library either with 

or without 200 mM TCEP.  Only the tubes devoid of TCEP were successfully amplified.  

When samples containing the TCEP were desalted to remove TCEP using either a 

column or centrifugal filter, the DNA was successfully amplified. 

For the streptavidin/biotin interference studies (Figure 2-9), the assay conditions 

were the same as the TCEP cleavage studies (using a FAM-DNA-SS-Biotin library), but 

the parameters consisted of: 1) + control (2X): only beads and FAM-DNA-SS-Biotin 

library- expect large shift; 2) Beads/DNA/TCEP cleavage- should have a lower intensity 

than (1); 3) DNA and TCEP incubation followed by bead capture- similar to (2); 4) 

Incubate beads and TCEP, followed by DNA capture- similar to (1) if the TCEP does not 

effect DNA binding; 5) – control: beads only- minimal fluorescence.  The histogram in 

Figure 2-9 shows the expected results.  When TCEP is incubated with the beads first, 

followed by DNA capture (#4, brown line), the streptavidin/biotin binding is the same as 

the intensity of the beads directly capturing DNA without TCEP incubation (#1, green 

and darker blue lines).  Additionally, when the beads, DNA, and TCEP are all incubated 

together (#2, purple line) or when the DNA and TCEP are incubated first, followed by 
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bead capture of the DNA (#3, light blue line), the cleavage is similar.  Therefore, we 

concluded that the TCEP does not affect biotin/streptavidin binding. 

Beads 

DNA +

Beads 

- Control
+ Control A
+ Control B
Beads+DNA+TCEP
DNA+TCEP, Beads
Beads+TCEP, DNA

 
Figure 2-9. TCEP interference with streptavidin/biotin binding. 

Preparation of new library and primers 

 

Figure 2-10.  PCR amplification program for second initial library. 

To reduce the effect of contamination from previous selections, a new set of 

primers and library previously designed by a coworker were synthesized and purified as 

described previously.174  The PCR annealing temperature is 55°C for this library set, 

and the new PCR protocol is shown in Figure 2-10. 

95°C 95°C 

55°C 

72°C 72°C 

4°C 

2:30 min 30 sec 

30 sec 

30 sec 2 min 

∞ 
1X 14X 1X 



 

67 

Forward Primer (sense): 5’-FAM-ATC GTC TGC TCC GTC CAA TA 

Reverse Primer (anti-sense): 5'-Biotin-GCA CGA CCT CAC ACC AAA 

5'-ATC GTC TGC TCC GTC CAA TA -N45- TTT GGT GTG AGG TCG TGC 

Selection 

Table 2-6.  Conditions for selection modification #2 with new library 

Round 
Amount 
B-Drug 

Amount 
Library Lib:Drug 

Incubation 
Time 

Wash 
Volume 

Bead 
Volume 

Bead 
Volume - 

1 50 pmol 1nmol 20.0:1 30 min 1 mL 1 mL N/A 
2 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 100 uL 
3 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 150 uL 
4 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 200 uL 

 

The next selection aimed to incorporate the TCEP cleavage and negative 

selection into the method.  Due to the inefficiency of the TCEP cleavage, this step would 

be implemented in round 5, so sequences are not lost early in the selection before the 

pool has evolved.  The negative selection step began in round 2, and other selection 

conditions are in Table 2-6. 

Poo
Poo

Poo

Poo

Library +
Library -
Round 3+
Round 3-
Round 4+
Round 4-

 

Figure 2-11.  Flow cytometry of selection modification #2. Pools were either incubated 
with either beads alone (-) or drug with bead capture (+). 

Flow cytometry analysis of the pools began in round 3 (Figure 2-11).  The pools 

containing drug (+) demonstrated at least as much fluorescence intensity as the pools 
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incubated directly with the beads (-).  Once again, the pool was enriched for streptavidin 

despite the negative selection.   

Selection Modification #3 

Table 2-7.  Conditions for selection modification #3 

Round 
Amount 
B-Drug 

Amount 
Library Lib:Drug 

Incubation 
time 

Wash 
Volume 

Bead 
Volume 

Bead 
Volume - 

2 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL N/A 
3 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 200 uL 
4 10 pmol 50 pmol 5.0:1 30 min 500 uL 200 uL 350 uL 

 

The procedure used to remove the sequences binding to the streptavidin clearly 

needed to be more stringent.  When the same round 1 conditions as shown in Table 2-6 

were implemented, but a TCEP cleavage was performed in the first round, no PCR 

amplification was evident even after 33 cycles.  Therefore, in the next selection, the 

cleavage was not implemented until round 2.  This loss of sequences was believed to 

be balanced against a less stringent negative selection procedure in the second round.  

This selection used the round 1 selected pool from selection modification #2 to begin 

the TCEP cleavage at round 2 (Table 2-7).  However, beginning in the third round, a 

“double negative” selection was implemented, in which the pools were incubated with 

the beads for 30 min for sequence subtraction first, followed by regular positive 

selection on the drug target, then a second 30 minute incubation of the binding 

sequences with the beads.   

Despite the modified conditions used for this selection, the flow cytometry data 

(Figure 2-12) proves that the pool is still enriched for the streptavidin instead of the 

drug.  This data implies that a new support system without streptavidin may be better 

suited to select an aptamer for the much smaller drug target. 
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Pool 3+

Pool 3-

Pool 4+

Pool 4-

Library
Round 3+
Round 3-
Round 4+
Round 4-

 
Figure 2-12.  Flow cytometry data of selection modification #3. Pools were either 

incubated with either beads alone (-) or drug with bead capture (+). 

Conclusions 

The method provided in this chapter proved unsuccessful for generating an 

aptamer for the drug target.  The overlying explanation is believed to be due to the 

streptavidin-based partitioning system that the procedure relied on for separating the 

binding and nonbinding sequences.  Based on size alone, streptavidin is ~25 times the 

molecular weight of the peptide target.  This larger size and variety of functional groups 

enables the structure to form multiple binding pockets which the aptamer may find more 

favorable than the limited folding of the peptide.  Additionally, each streptavidin 

molecule is actually a tetramer, so many favorable binding sites found on the 

monomeric form are actually present 4 times (depending on how monomers assemble 

into the tetramer structure, some sites may not be available), and additional binding 

regions formed by the interaction of the monomers is likely.  Therefore, it is not 

surprising that the pool preferentially binds to the protein.  Furthermore, the 

tetramerization of the biotin conjugates may lead to undesirable interactions that reduce 

binding of the sequences to the drug.175  The PCR may also aid in enriching the pool for 
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sequences that bind to the streptavidin.  When the pool is PCR amplified, the vastly 

greater numbers of sequences binding to the streptavidin overshadows the few 

sequences with specific binding to the drug. 

It is exceedingly interesting that none of the methods used to minimize the 

streptavidin binders were effective.  Various degrees of stringency were utilized to 

wash, block, or cleave nonspecific binders from the pool.  Possibly the increased 

stringency only served to remove sequences weakly binding to the peptide, since small 

molecule selections typically generate lower-affinity aptamers than their more sizeable 

counterparts.   

Regardless of the true cause of the shortcomings resulting in pool enrichment for 

the beads, the consensus conclusion derived from the work is that streptavidin should 

be removed from the system.  However, it is possible that the pools from the selections 

may contain high affinity streptavidin aptamers, which may be of use for applications 

unrelated to this work.  The next two chapters will describe bivalirudin selection utilizing 

an alternative partitioning system composed mainly of polymeric (hydrophobic) 

materials. 
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CHAPTER 3 
MONOLITHIC SELECTION FOR BIVALIRUDIN 

Introduction 

Affinity columns have played an important role in generating aptamers for various 

small molecule targets.  Some examples include an intial SELEX study to generate 

aptamers to small organic dyes by Ellington and Szostak,29 substance P and amyloid 

peptide were covalently coupled to Sepharose 6B columns,55, 56 ATP was immobilized 

on agarose,176 and tripeptides were bound to HiTrap NHS-activated columns.177  

Binding aptamer sequences were eluted using competitive binders, cleavage of the 

bonds immobilizing the target to the column matrix, EDTA addition, high salt 

concentration, or column heating. 

The advent of monolithic columns has introduced new technology with inherent 

properties that may provide unique advantages for affinity-based column aptamer 

selection.  Monolithic columns are essentially constructed from one piece of material in 

which the area interacting with the analyte is mainly on the surface.  This allows for 

mass transport by convection on the surface of the material, rather than the diffusion-

limited separations of traditional bead-based separations.  This leads to a decrease in 

the pressure drop across the disk, allowing for faster flow rates and simple peristaltic 

pumps such as those found in low-pressure chromatography (LPC) instruments.178  

Moreover, the hydrophobic backbone of the typically polymeric-based matrices has also 

been reported to have low nonspecific adsorption,179 and the target molecule can be 

covalently attached to the column by a variety of chemistries, minimizing instances of 

target leaching. 
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This chapter will explore the use of monolithic columns as affinity matrices for 

aptamer selection for the anticoagulant bivalirudin.  First, the peptide was covalently 

linked to the column via the N-terminal segment in order to facilitate aptamer binding to 

the C-terminal region.  A chromatographic method capable of eluting binding sequences 

from the disk was then developed.  Several rounds of selection were carried out and the 

progress was monitored by real-time PCR.  A selection on a blank disk with no peptide 

immobilized was compared to that of the drug-immobilized disk as a control.  The 

highest-affinity DNA pool was sequenced, and individual sequences were tested for 

binding to the drug. 

Materials and Methods 

Column Immobilization 

  Buffers- binding buffer (BB): PBS buffer (without MgCl2 and CaCl2) with 5 mM 

MgCl2 (final concentration); elution buffer (EB): BB with 1 M NaCl.  All buffers and 

reagents added to the monolithic column were first filtered with a 0.22 μm cellulose 

nitrate filter (Corning).  Bivalirudin (Angiomax; The Medicines Company) was received 

in lyophilized form as a gift from the Anesthesiology Department at the University of 

Florida College of Medicine.  The peptide was immobilized on a poly(glycidyl) 

methacrylate-co-ethylene dimethacrylate epoxy-functionalized CIM disk (BIA 

Separations) via the N-terminus as per manufacturer’s instructions.  Briefly, the column 

was inserted into the disk housing and equilibrated with 2 mL of BB at 1 mL/min, then 2 

mL of EB at 1 mL/min, and finally 2 mL BB at 2 mL/min using a LPC system (Bio-Rad 

BioLogic LP).  Drug immobilization began with a 2 mL wash with 0.5 M sodium 

phosphate buffer (pH 8.0) at a flow rate of 2 mL/min.  The drug was dissolved in 5 mL of 

sodium phosphate buffer (pH 8.0) for a final concentration of 3.0 mg/mL.  This solution 
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was introduced into the disk (1 mL), and the disk was covered and incubated with the 

flow through for 48 hours at room temperature in a small dish.  For the blank disk (no 

drug immobilized), the same buffer without drug was incubated with the disk, and the 

remainder of the protocol was followed. Following this step, the disk was washed with 2 

mL 0.5 M sodium phosphate buffer (pH 8.0), and remaining epoxy groups were blocked 

by flowing 4 mL of 1 M ethanolamine through the disk and incubating overnight at room 

temperature in a dish.  The reaction was quenched by washing the disk with 2 mL of 0.5 

M sodium phosphate buffer (pH 8.0) with 1 M NaCl at 2 mL/min, and equilibrated for 

use by introducing 2 mL of 0.5 M sodium phosphate buffer (pH 8.0) at 2 mL/min.  The 

column was washed in 2 mL BB and sealed in the column housing with the column blind 

fittings for storage at 4°C for usage planned less than 3 days after last usage, or 

washed with 4 mL of 20% ethanol and stored at 4°C in a container with 20% ethanol if 

the next usage was planned for longer than three days. 

 The UV absorbance at λabs= 280 nm of the peptide solution (Bio-Rad SmartSpec 

Plus) was measured before and after immobilization to determine the amount of drug 

immobilized on the disk.  The mass of peptide remaining in the solution was calculated 

and subtracted from the initial amount added for the immobilization to determine that 1 

mg of peptide was immobilized on the disk.  This agrees with literature values reporting 

0.3-0.9 mg of peptide immobilized.180, 181  

Method Development 

The disk was placed into the column housing with luer connections which fastened 

to complementary fittings on the LPC device.  The system was capable of collecting 

fractions by automated fraction collector (Bio-Rad BioLogic BioFrac Fraction Collector) 

with a calculated void time of 0.334 min.  A gradient elution method of increasing salt 
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concentration was tested based on a CIM disk separation of plasmid DNA, and is 

shown in Table 3-1.182  An on-line conductivity detector was available for monitoring the 

increasing salt concentration of the gradient, while DNA elution was visualized by UV 

detection at λabs= 254 nm.  Fractions were collected every 0.5 min beginning at 2 min. 

Table 3-1.  Method development conditions #1 
Step # Time (min) Buffer Flow (mL/min) Total (min) 
1 1 BB 2 1 
2 5 0-100% EB 2 6 
3 2 EB 2 8 
4 5 100-0% EB 2 13 
5 3 BB 2 16 

 

Table 3-2.  Method development conditions #2 
Step # Time (min) Buffer Flow (mL/min) Total (min) 
1 1 BB 2 1 
2 5 0-100% EB 2 6 
3 2 EB 2 8 
4 5 100-0% EB 2 13 
5 7 BB 2 20   

The procedure was systematically tested with DNA incubated with: 1) Monolithic 

disk; 2) Blank housing (no monolithic disk); 3) Control of the monolithic column with no 

DNA injection; 4) Blank (no drug) disk.  In the first trial, the conditions in Table 3-1 were 

used to probe the DNA eluted from a 30 min incubation of 1 mL of 250 nM random DNA 

library in BB with the disk.  The first peak in the chromatogram (Figure 3-1A) 

corresponds to an air bubble, while the second peak area contains DNA as confirmed 

by UV absorption (previously described).  For the second trial, step #5 of Table 3-1 was 

extended to 5 min to allow the conductivity to level off.  In the experiment, 0.7 mL of a 

random 278 nM library was injected onto the housing (Figure 3-1B).  In experiment #3, 

the monolith underwent the 5 min wash protocol with no DNA incubation (Figure 3-1C).  

Finally, in experiment #4, the final wash step was extended to 7 minutes based on the 
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results from the previous experiments that indicated the DNA may not be completely 

eluted (Table 3-2).  One mL of 100 nM DNA was incubated with the blank disk for 30 

minutes and subjected to the gradient in Table 3-2 (Figure 3-1D). 

The results indicate that the gradient is capable of eluting DNA binding to the 

monolith, but that the DNA may bind nonspecifically to the housing or monolith matrix, 

requiring a negative selection.  Also, DNA was still eluting from the monolith when no 

additional DNA was added (Figure 3-1C), demonstrating that the wash step should be 

increased.  After any incubation with DNA, from this point the disks were incubated with 

2 mL of 7 M NaCl for a minimum of 30 min to remove tightly-binding sequences before 

the next round of selection. 

 Next, the protocol in Table 3-2 was tested in triplicate to determine if the DNA 

from 1 mL of 100 nM solution incubation was reproducible.  Figure 3-2 is a 

representative sample chromatogram showing the peaks consistently observed with the 

program. 

Since the program reliably showed DNA elution in the area of ~15 minutes, we 

wished to decrease the slope of the gradient during that time frame in order to capture 

DNA fractions in more tubes, and the fractions were collected every 0.34 min instead of 

0.5 min.  Therefore, the method in Table 3-3 was devised and tested to elute DNA 

binding to the target after 2 mL of a 5 μM DNA solution was incubated with the disk for 

30 min.  The chromatogram shown in Figure 3-3 displays a prominent peak under the 

SELEX-like conditions in the expected time frame.  The DNA from fraction 16 was PCR 

amplified using the protocol in Table 2-11 for 30 cycles, demonstrating that the UV peak 

was actually detecting DNA. 
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A

B

 

Figure 3-1.  Chromatograms from method development. A) DNA incubated with drug 
disk; B) DNA and column housing; C) Drug disk without DNA; D) DNA 
incubated with blank disk. 
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Figure 3-1. Continued   

 
Figure 3-2.  Confirmation of LPC method. 

C

D
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Table 3-3.  Method development conditions #3 
Step # Time (min) Buffer Flow (mL/min) Total (min) 
1 1 BB 2 1 
2 5 0-100% EB 2 6 
3 2 EB 2 8 
4 5 100-25% EB 2 13 
5 12 25-0% EB 2 25 

 

 
Figure 3-3.  Chromatogram under SELEX-like conditions. 

Preliminary Selection 

 Selection-simulating conditions were utilized to compare the elution profile of the 

DNA binding to the drug and blank disks.  If these profiles differed, specifically if 

different peaks, or peaks with a larger area occurred in the drug disk elution, there was 

a strong likelihood that at least some of the sequences eluted from the peptide disk 

were binding specifically to the drug instead of to the polymeric matrix. 

 A new set of primers and library (now with a 46-mer random region) were 

synthesized as previously described with amplification using the same PCR protocol as 

in Figure 2-11.  An unlabeled sense primer was used to facilitate monitoring by real-time 

PCR (qPCR). 

Forward Primer (sense): 5’-ATC GTC TGC TCC GTC CAA TA 
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Reverse Primer (anti-sense): 5'-Biotin-GCA CGA CCT CAC ACC AAA (IDT) 

5'-ATC GTC TGC TCC GTC CAA TA -N46- TTT GGT GTG AGG TCG TGC 

For this study, 2 mL of 500 nM library DNA was incubated for 30 min with both the 

drug and the blank disk.  The elution protocol from Table 3-3 was administered 

separately to both disks.  Figure 3-4 shows an overlay of the drug and blank disks, 

where the black arrow shows the peak from the drug disk, while the red arrows point to 

DNA from the blank disk.  A clear difference between the chromatograms is observed in 

which the drug disk chromatogram has a taller and broader peak around 15 min than 

the blank disk.  This served as a valid proof-of-concept study to proceed with the actual 

selection. 

 
Figure 3-4.  Overlay of proof-of-concept studies of selections on drug (black arrow) and 

blank (red arrows) disks. 

Selection Conditions 

The drug-immobilized or blank disk was washed for 5 minutes with both EB then 

BB at 2 mL/min.  Two mL of 500 nM DNA library (1 nmol) in BB was heated to 95°C for 

5 min and snap cooled on ice.  This DNA was incubated with the disk in a small dish for 

30 min.  The disk was then placed in the provided column housing, and connected to 
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the LPC device.  The elution protocol was implemented as described in Table 3-3.  DNA 

elution from the disk was monitored by UV detection at λabs= 254 nm.  The same 

procedure was followed for the blank disk, with a separate aliquot of DNA library.  

Fractions (containing ~680 μL) were analyzed by qPCR (see method below), and those 

corresponding to the peak of the drug disk were combined and incubated with the blank 

disk for 30 min in a small dish.  Nonbinding sequences were amplified by PCR 

confirmed by 3% agarose gel electrophoresis.  Each disk was rinsed and soaked in a 

saturated NaCl solution to remove any remaining bound sequences prior to the next 

round.  The selected sense DNA strands were separated from the biotinylated 

antisense DNA by alkaline denaturation and affinity purification with streptavidin-coated 

beads to produce ssDNA that was desalted for the second round of selection.  The 

methods for agarose gel electrophoresis, ssDNA production, and desalting are outlined 

in Chapter 2.   

Monitoring by Real-time PCR 

Real-time PCR was utilized to prove the difference in DNA eluted from the drug 

and blank disks.  qPCR monitors an increase in fluorescence intensity of SYBR green 

dye, which preferentially fluoresces when binding dsDNA, in real time as the reaction 

progresses.  Graphical output is typically displayed as either baseline (ΔRn) or 

background (observed in control) subtracted fluorescence versus the cycle number 

(Figure 3-5).183  A threshold is set, defined as 10 times the standard deviation of the 

baseline, and the cycle time (Ct) is the number of cycles required to exceed this 

threshold.  A lower Ct value indicates that more DNA was initially present, as observed 

for the 5-fold dilutions plotted in Figure 3-5.  For our purposes, a lower Ct value for the 

drug disk relative to the same fraction in the separate blank disk experiment insinuates 
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that some of the excess DNA in the drug fraction binds specifically to the peptide, and 

not exclusively to the blank matrix. 

 
Figure 3-5.  Amplification plots of IL-4 plasmid cDNA. Fivefold serial dilutions of plasmid 

cDNA were amplified by qPCR (cycle number along x-axis).183   

qPCR was carried out on a Bio-Rad iCycler with MyiQ software and detection 

instrumentation.  Centricon centrifugal filters (Millipore, YM-10) were used to desalt the 

fractions prior to qPCR.  PCR mixtures contained iQ SYBR Green Supermix with iTaq 

DNA polymerase (Bio-Rad) and 0.5 μM of each primer.  The conditions were: 95.0°C for 

3.0 min, 40 repeated cycles (30 sec) of 94.0°C, 55.0°C (30 sec), and 72.0°C (15 sec), 

followed by the final steps of 5 min at 72.0°C, then an indefinite hold at 4.0°C. 

Second and Subsequent Selection Rounds   

A similar protocol of selection and qPCR was carried out for the second round of 

selection, except 2 mL of 100 nM DNA (200 pmoles) was now used for incubation with 

each disk.  Round 3 was actually repeated twice to confirm the results.  In both 

instances, 2 mL of 100 nM DNA (200 pmoles) were incubated with drug and blank disk. 
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AlphaScreen Analysis of Selected Pools 

 An AlphaScreen (Amplified Luminescent Proximity Homogeneous Assay) was 

used to determine the pool with the highest-affinity candidates for DNA sequencing.  

The method is a bead-based non-radioactive proximity assay that measures 

ligand/target interactions by the output of fluorescence by binding pairs (Figure 3-6).  In 

the assay, biotinylated drug is immobilized on a streptavidin coated donor bead that 

generates singlet oxygen upon laser excitation at 680 nm.  This singlet oxygen initiates 

fluorescence (520-620 nm) in anti-FAM coated acceptor beads with FAM-labeled DNA 

pools immobilized on the surface only if the beads are within the limited distance (200 

nm) the singlet oxygen can travel during the excited state lifetime.184  Therefore, the 

beads will only generate measurable signal if the drug and pools are binding, bringing 

the beads into close enough proximity for the singlet oxygen to reach the acceptor 

bead. 

AlphaScreen 
Donor Bead

AlphaScreen 
Acceptor Bead

Excitation at 
680 nm

1O2 travels no more than 
200 nm distance

Biotinylated 
Bivalirudin

5’-FAM-aptamer

Streptavidin

Anti-FAM

Emission 
520-620 nm

 

Figure 3-6.  Schematic of AlphaScreen assay. 

All assayed DNA aptamer candidate pools were converted to ssDNA (described in 

Chapter 2) after PCR amplification with 5’-FAM-ATC GTC TGC TCC GTC CAA TA 
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(IDT) to provide an immobilization label for AlphaScreen anti-FITC acceptor beads 

(Perkin-Elmer).  Anti-FITC beads (20 μg/mL, final) and dye-labeled DNA pools (400 nM, 

final) were incubated for 1.5 hours in an OptiPlate 384-well microplate (Perkin-Elmer) 

under subdued lighting.  Streptavidin-coated AlphaScreen donor beads (20 μg/mL, final; 

Perkin-Elmer) and biotinylated drug (100 nM and 100 pM, final) were then added to 

each well and incubated for 1.5 hours.  The final volume in each well was 25 μL, and 

the buffer for this experiment consisted of BB with 50 mg/mL BSA to inhibit non-specific 

binding.  The positive control was 400 nM biotinylated FITC, substituted for the DNA in 

the method described above, and the negative control was all components except DNA.  

Data was read in replicate on an EnVision microplate reader (Perkin-Elmer). 

Sequencing of Selected Pool 

A 400 μL (total volume) 25 cycle PCR (Table 3-4) was performed according to the 

protocol in Figure 2-11.  This dsDNA amplified pool was prepared for sequencing by 

high-fidelity (Roche Applied Science FastStart High Fidelity PCR System) PCR 

amplification with fusion primers specific for 454 sequencing technology.  The primer 

sequences used for the PCR are a combination of the 454 fusion tag and the regular 

sense and anti-sense primers previously used for amplification: 

Sense: GCC TCC CTC GCG CCA TCA GAT CGT CTG CTC CGT CCA ATA 

Anti-sense: GCC TCC CTC GCG CCA TCA GAT CGT CTG CTC CGT CCA ATA 

Table 3-4.  PCR preparation 
Reagent Volume (μL) 
10X PCR Buffer 40 
dNTP (2.5 mM each) 32 
Primers (10 μM each) 20 
DNA pool 40 
DNAse-free H2O 268 
Taq Polymerase 1.2 
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 The fusion primer PCR also utilized the protocol from Figure 2-11, but was 

prepared by adding 0.5, 1.0, or 2.0 μL of the dsDNA to 50 μL of the PCR reaction 

mixture prepared from Table 3-5.  Agarose gel electrophoresis (Figure 3-7) showed that 

each volume of pool added amplified in a similar fashion.  UV spectroscopy was used to 

calculate the amount of DNA as 452 μg/mL for the 0.5 μL pool addition product. 

Table 3-5.  Fusion primer PCR 
Reagent Volume (uL) 
10X PCR Buffer 20 
dNTP (10 mM each) 16 
Primers (10 uM each) 8 
DNA pool Varied 
DNAse-free H2O 152 
High Fidelity Polymerase 4 

 

 
 

Figure 3-7.  Optimization of pool volume for fusion primer PCR. Lane 1= control; lane 2= 
2.0 μL pool added, lane 3= 1.0 μL pool added; lane 4= 0.5 μL pool added; 
lane 5= 25-bp ladder. 

The dsDNA product was purified by a QiaQuick PCR Purification Kit (Qiagen) as 

per manufacturer’s instructions.  Buffer PB (125 μL; Qiagen proprietary buffer- not the 

same as in Chapter 2) was added to the PCR product, and the sample was centrifuged 

at 13,000 rpm for 45 sec in a QiaQuick column.  The flow through was discarded and 

1 2 4 3 5 
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0.75 mL Buffer PE (Qiagen buffer) was added to the column and centrifuged for 1 min 

at 13,000 rpm.  This flow through was discarded as well, and the remaining product was 

centrifuged 1 min at 13,000 rpm.  The filter portion was placed in a clean 1.5 mL 

microcentrifuge tube, and the purified product was eluted with 50 μL Qiagen buffer EB 

by centrifugation (13,000 rpm, 1 min).  The concentration was determined to be 24 

μg/mL by UV spectroscopy, which was diluted to 4.2 μg/mL with the Qiagen EB buffer 

according to 454 procedures (request samples ~5 μg/mL).  Gel electrophoresis on the 

product confirmed that the desired 122-bp sequence is present (Figure 3-8).  

Sequencing of the selected pool was performed by 454 sequencing at the University of 

Florida ICBR. 

1 2 3

 

Figure 3-8.  Agarose gel electrophoresis analysis of fusion primer-amplified, purified 
pool.  Lanes 1 & 3= 25-bp ladder; lane 2= purified pool. 

Sequence Alignment 

Following DNA sequencing, a total of 10,192 sequences were reported.  The 

individual DNA sequences were analyzed using the MAFFT sequence alignment 

program by removing the 3’ and 5’ primer regions (when possible) from sequences prior 
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to analysis.  Several of these sequences demonstrated sufficient homology, and were 

synthesized with a 5’-FAM fluorescent label for further characterization according to 

previously described methods.  An example of the homology displayed by the alignment 

procedure is shown for one aptamer in Figure 3-9. 

 
Figure 3-9.  Sample alignment of JPB2 (green highlighted portion) using MAFFT. 

Binding Studies 

 Streptavidin-coated beads (100 μL; Bangs Laboratories) were washed with 1 mL 

BB and centrifuged at 10,000 rpm for 3 min.  The supernatant was discarded, and the 

remaining beads were resuspended in 1 mL BB.  One μL of 10 μM bivalirudin was 
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combined with 10 μL of streptavidin-coated polystyrene beads (Bangs Labs) and 

incubated for 1 hour on a shaker.  The beads were centrifuged for 3 min at 10,000 rpm 

and reconstituted in 1 mL BB.  The beads were split into 20 samples, and each aptamer 

candidate was added for a final concentration of 2.3 μM and incubated with the 

bivalirudin/bead complex for 1 hour.  Beads were centrifuged, washed with 1 mL of BB, 

then reconstituted in 200 μL WB2 (WB2- 4.5 g/L glucose and 5 mM MgCl2 in Dulbecco’s 

PBS with CaCl2 (Sigma)) for flow cytometry.  The fluorescence intensity of the FAM-

labeled sequences was measured with a FACScan flow cytometer by counting 20,000 

events (Becton Dickinson) and analyzed using WinMDI. 

Results 

Selection Results 

The first round of selection generated the chromatograms seen in Figure 3-10A-B.  

Once again, the peak at 15 min for the drug disk appeared to have a larger area than 

that of the blank disk.  For confirmation, the 15th fraction eluting from both disks was 

compared by qPCR (Figure 3-11A).  The drug disk clearly contained more DNA, as 

evidenced by the lower number of cycles required for amplification.  Therefore, the 

whole peak observed in the drug disk chromatogram was combined and incubated with 

the blank disk to subtract out sequences binding to the column matrix.  The DNA pool 

remaining after the counter selection was PCR amplified and prepared for the second 

round of selection. 

In the second round, a chromatographic difference between the disks was also 

observed (Figure 3-10C-D), but this time the drug disk did not display a noticeable peak.  

This may be due to the decreased amount of DNA used from the first round to the 

second round not providing enough signal to exceed the limit of detection of the system.  
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A similar selection using 100 nM DNA was also performed on the blank; however a 

small peak was observed at 15 min for the blank disk.  Groups of fractions were 

combined and prepared for qPCR analysis, corresponding to fractions 80-89, and 70-79 

from the drug and blank selections.  Both groups of fractions displayed higher 

concentrations of DNA in the drug selection than in the blank, so both groups (fractions 

70-89) were combined and PCR amplified for the third round of selection (Figure 3-

11B). 

A

B

 

Figure 3-10.  Chromatograms of selection rounds. A) Round 1, drug disk; B) Round 1, 
blank disk; C) Round 2, drug disk; D) Round 2, blank disk; E) Round 3, drug 
disk; 4) Round 3, blank disk. 
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Figure 3-10. Continued 
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Figure 3-10. Continued 
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The third and final round of selection was carried out under similar conditions to 

the second round, resulting in the chromatograms in Figure 3-9E-F.  Interestingly, a 

small peak returns for fractions 12-20 for the drug disk, so the combination of these 

fractions were assayed by qPCR along with fractions 70-79 and 80-89 (Figure 3-10C).  

The differences between the drug and blank disks were minimal, indicating that the 

selection was more enriched for the drug in round 2, or that some experimental error 

was to blame.  The round 3 selection was repeated for both disks, but qPCR analysis 

yielded similar results (Figure 3-10D). 

15-

Negative

15+
15-
Negative

A
80-89+
80-89-
70-79+
70-79-

B

12-20+
12-20-
80-89+
80-89-
70-79+
70-79-

C
80-89+
80-89-
70-79+
70-79-

D

 
Figure 3-11.  qPCR results for each round of selection. A) Round 1 (Threshold=117.2; 

15+ cycles= 19.76; 15- cycles= 26.37); B) Round 2 (Threshold= 81.7; 80-89+ 
cycles=21.70; 80-89- cycles= 24.39; 70-79+ cycles= 23.74; 70-79-= 25.53); 
C) Round 3 (Threshold,102.6; 80-89+ cycles= 27.97; 80-89- cycles= 27.12; 
70-79+ cycles= 25.97; 70-79- cycles= 27.26; 12-20+ cycles = 26.13; 12-20- 
cycles= 24.39); D) Round 3 repeat (Threshold= 80.2; 80-89+ cycles=24.71; 
80-89- cycles= 24.33; 70-79+ cycles= 24.71; 70-79- cycles= 24.67). 
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AlphaScreen for Pool Selection 

The AlphaScreen proximity assay was employed to analyze the pools from the 3 

rounds of selection and determine which one was the best candidate for sequencing.  

As previously mentioned, significant signal is only generated when the drug and 

aptamer are binding. 
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Figure 3-12.  AlphaScreen assay of binding of different pools with 100 nM or 100 pM 
drug.  

Several conclusions were drawn from the results depicted in Figure 3-12.  First, 

minimal signal from the negative control is measured, indicating that a binding event 

must occur for a measurable response.  (Fluorescence intensity values for the positive 

control, 1-2x105, not shown in graph.)   Also, the signal from the initial library is low, as 

expected.  Two concentrations of drug were used for this study, with a 1000-fold 

difference between them.  Therefore, it is reasoned that a pool demonstrating increased 

binding at low drug concentrations will contain more high affinity aptamers, while a high 

signal at high drug concentration would signify lower affinity aptamers.  Several pools, 
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including the pool for round 1, round 2 fractions 70-89, and both round 3 pools 

demonstrated significant signal at high drug concentration, but the pool from round 2 

had considerably higher signal at lower drug concentration.  The conclusion is that the 

round 2 pool contains higher affinity aptamers, and was selected for sequencing. 

The data from the AlphaScreen follows the guidelines expected for selection, and 

validates the qPCR data.  It was expected and confirmed, that the initial library should 

have the lowest amount of binding.  Also, round 1 shows a higher percentage of low 

affinity aptamers, which is expected to evolve into high affinity pools as the selection 

progresses.  The qPCR data consistently showed, for each selection round, that the 

DNA released as a consequence of the saturated NaCl wash was binding more to the 

column matrix than to the drug.  An example of this is the “Round 2 Sat’d NaCl” sample 

that shows the lowest signal of any pool aside from the initial library.  The qPCR data 

also indicated that the pools from the 3rd round of selection were actually less enriched 

for the peptide than for the blank.  The AlphaScreen assay gives the impression that 

this pool may contain low affinity aptamers, but the high affinity sequences are reduced 

from round 2.  The number of sequences which bind to the target as opposed to those 

binding to the matrix may be so small that repeated selection rounds and PCR steps 

may dwarf the population that binds to the drug, despite counter selection steps. 

Sequence Alignment 

 The sequence alignment of the oligonucleotides obtained from 454 sequencing 

revealed several sequences that displayed homology.  Seven of these sequences, 

displayed in Table 3-6, were synthesized for binding characterization. 
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Table 3-6.  Probe sequences 
Name Sequence 

JPB1 
ATC GTC TGC TCC GTC CAA TAC GAG GAT GCA GAA GTT TCA ATG 
CAC TTT TGG TGT GAG GTC GTG C 

JPB2 
ATC GTC TGC TCC GTC CAA TAC GTA ACA TCC CCG TAA TAC TAC 
TAC GGT CGT GCT GGT TTG GTG TGA GGT CGT GC 

JPB3 
ATC GTC TGC TCC GTC CAA TAG CTG AGC AGG TAA CAA TGT GTG 
CCC AAT GTG TAT TTG GTG TGA GGT CGT GC 

JPB4 
ATC GTC TGC TCC GTC CAA TAA AGT TAA TCC TTA GGG CTG GTA 
GGT CAT TCC GGT GGT TAT TTG GTG TGA GGT CGT GC 

JPB5 
ATC GTC TGC TCC GTC CAA TAT ATT GTG TGA CCC CCC TCT TGT TTT 
GGT GTG AGG TCG TGC 

JPB6 
ATC GTC TGC TCC GTC CAA TAC CAG CTA ATG TGT ATT TTG TGG 
CGG CGG ATC ATA TGA GGA GGA TTT TTG GTG TGA GGT CGT GC 

JPB7 
ATC GTC TGC TCC GTC CAA TAG TCG GAA TAG TGA CTG TTC TTG 
TGA AAC TCA ACA CGG ATG CTG GTG TTT TGG TGT GAG GTC GTG C 

 

Binding Studies 

The assay to determine whether the sequences are binding the target is the critical 

stage of post-SELEX oligonucleotide characterization; sequences that bind are officially 

considered “aptamers.”  Nonbinding sequences represent DNA that either binds to the 

target matrix, were inefficiently partitioned by the SELEX partitioning method, or are a 

result of PCR bias or mutations.  It is also possible that the nonbinding sequences may 

actually be low affinity aptamers that may exhibit binding when the target concentration 

is increased.  For practical purposes, sequences which do not appear to bind with 

micromolar (for small molecules, lower for protein or cellular targets) target 

concentrations are not considered of interest for most studies. 

Binding studies were performed on all of the sequences listed in Table 3-6 by flow 

cytometry assay.  Figure 3-13 shows that all of the sequences except JPB1 

demonstrated an increase in fluorescence intensity upon binding to the drug.  

Therefore, 6 aptamer sequences were successfully obtained as a result of this 
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selection.  The largest fluorescence intensity shifts were demonstrated by JPB2 and 

JPB5, which were subjected to further characterization in Chapter 4. 
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Figure 3-13.  Flow cytometry binding studies of drug and aptamer candidates. A) JPB1; 

B) JPB2; C) JPB3-5; D) JPB6-7. 

Conclusions 

The method described for aptamer selection has resulted in several sequences 

that bind to the target in only 2 rounds of selection.  The conclusions of these studies 

have also proven that differences in chromatographic profile of the drug and blank disk 

can be validated by qPCR.  Furthermore, binding was characterized to determine the 
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optimal pool for sequencing by an AlphaScreen proximity assay.  This work is 

innovative in that it provides the first known studies with the goal of generating an 

aptamer for a currently existing drug, and combines several exciting technologies for the 

purpose. 

The results described here leave room for some appealing side-studies.  Of note, 

the pool from round 1 may contain sequences with desirable properties due to the 

highest intensity of all pools for the nanomolar target concentration study.  It would be 

interesting to sequence and test aptamer candidates to analyze how the affinities 

compare to those from the chosen round 2 pool.  Also, due to the large number of 

sequences from 454 sequencing, it is feasible that many of the sequences present in 

the sequencing data and not tested by the binding assay would interact with the target.  

Several less-enriched sequences could be compared to those described above to 

determine if the affinities are similar. 

A technological advance (and the first known use of the technology for this 

application) that was crucial to the success of the project is 454 sequencing.  In a 

traditional cloning/chain-termination sequencing protocol, the pool to be sequenced is 

cloned into a vector prior to sequencing.  Due to low efficiencies associated with the 

cloning process, the pool must be highly evolved to ensure representation in the 

sequencing data.  Also, Sanger sequencing typically only generates several hundred 

sequences, depending on the cloning conditions, as opposed to more than 10,000 

sequences reported by 454 sequencing.  Therefore, a higher percentage of sequences 

present in the final pool are detected, and the large number of sequences reported 

allows for a higher likelihood of homologous sequences after alignment.  Thus, it is 
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possible that 454 sequencing permits fewer rounds of selection due to a higher 

percentage of sequences detected overriding the need for a highly evolved pool.   

One modification to the procedure that may produce better results would be to 

implement a step gradient with a higher final salt concentration.  In this manner, 

fractions corresponding to each increase in salt concentration could be pooled and 

assayed for binding using the AlphaScreen technique.  Fractions collected later in the 

process using the highest salt concentration would likely present as higher affinity 

binders.  Also, a more sensitive detector would aid in the process to distinguish areas 

where DNA was eluting (not corresponding to peaks) from the baseline.  As it was, PCR 

was required for non-peak fractions to determine whether DNA was present. 

As aptamer technology matures, solely generating aptamers is not considered to 

be extraordinary; the novelty of the sequences lies in their applications.  Despite these 

promising initial results in selecting aptamers, additional testing must be carried out to 

prove the aptamers can function in the desired capacity.  The characterization and 

testing of the aptamers for their ability to serve as an antidote to an anticoagulant is 

discussed in Chapter 4. 

 

 



 

98 

CHAPTER 4 
CHARACTERIZATION OF APTAMER AFFINITY AND APTAMER ANTIDOTE 

TESTING  

Introduction 

A panel of 6 aptamers was identified from the selection and binding studies in 

Chapter 3.  After aptamers were confirmed to bind to the desired target they were 

characterized in terms of their affinity for the target in this chapter.  This affinity is 

described by the dissociation constant (Kd) of the target/aptamer complex; lower Kd 

values correspond to higher affinity between target and ligand.  Some methods 

proposed to determine Kd include flow cytometry,28 equilibrium dialysis,55 analytical 

affinity chromatography,56 ultrafiltration,176 fluorescence anisotropy (FA),185 and surface 

plasmon resonance (SPR).186 

Next, the aptamers were tested to determine whether they function in the capacity 

they were selected for, which is an antidote to an anticoagulant.  Preliminary studies 

generally take place in buffer or human plasma (in vitro), then progress to in vivo animal 

models.  Frequently, the aptamers are truncated after the preliminary in vitro studies to 

remove regions which do not contribute to binding.  Potential aptamer therapeutics are 

typically truncated from initial 80-100mer sequences to 40 nucleotides or less.187  This 

reduces the cost of aptamer synthesis, increases the yield, and may actually act to 

stabilize the aptamer, resulting in an increased affinity for the target.188  Additionally, for 

aptamers designed for in vivo applications such as targeted drug delivery, smaller 

sequences have a higher depth of penetration into tissue.189  Standard methods of 

aptamer truncation include radioactive labeling and fragmentation, followed by synthesis 

and purification of active sequences.190  A less labor intensive method involves analysis 

of the individual sequences of a homologous family obtained after pool sequencing and 
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alignment.  However, this requires the synthesis, purification, and affinity 

characterization of many sequences in a family, also a time-consuming process.   

Finally, if the aptamers are susceptible to nuclease activity in plasma, additional 

post-SELEX modifications are implemented to reduce the effect.  Various base 

modifications and end cappings such as polyethylene glycol (PEG) may be utilized, as 

described in Chapter 1.  Additionally, PEG end adaptors moderate renal clearance by 

increasing the molecular weight of the compound, increasing the circulation time of the 

probe.  Figure 4-1 depicts the modifications necessary for commercialization of 

Macugen, including a 40 kDa PEG linker and 3’ end cap.191 

 
Figure 4-1.  Secondary structure and modifications of the anti-VEGF aptamer 

pegaptanib (Macugen). Bold gray nucleotides represent 2’-deoxy-2’-fluoro 
nucleotides whereas bold black nucleotides are 2’-O-methyl nucleotides. The 
two adenosine residues shown in italic black are ribonucleotides. The 5’-
position contains a 40 kDa polyethylene glycol (PEG)-linker, where n is 
approximately 450. At the 3’-end, a 3’-3’-dT (Cap) structure was added.191 

The work presented in this chapter describes a fluorescence anisotropy (FA) 

method used to characterize the binding affinity of the aptamer/target interactions.  The 
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highest affinity aptamer was tested as a prospective antidote to the anticoagulant 

bivalirudin in both buffer and human plasma.  A novel method of aptamer truncation 

using a DNA microarray was studied in order to provide functional abridged aptamer 

sequences in a shorter amount of time than conventional approaches. 

Materials and Methods 

Buffer 

Binding buffer (BB): PBS buffer (without MgCl2 and CaCl2) with 5 mM MgCl2.   

FA Dissociation Constant Measurements 

Dissociation constants are a vital measuring stick for characterizing the affinity of 

an aptamer for the target.  For the methods discussed, a fixed quantity of target was 

incubated with various concentrations of aptamer.  A binding curve was constructed 

based on the increase in signal at higher aptamer concentrations until signal saturation 

occurred.  This curve was best-fit to a single-site saturation ligand binding equation, in 

which Y is the signal intensity, Bmax represents maximum signal intensity, and X is the 

concentration of ligand. 

 XK

XB
Y

d 


max
 (4-1) 

In a homogeneous solution of fluorophore-labeled molecules, each probe is 

randomly oriented.  When the solution is exposed to polarized light, only the 

fluorophores with the transition moments oriented with the electric vector of the 

polarized light are excited.  Under ideal conditions, the samples will also emit light 

polarized in the same direction as the excitation light, but real situations involve a 

depolarization of fluorescence emission, commonly due to rotational diffusion of the 
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molecules, but also influenced by light scattering, reabsorption, and polarizer 

misalignment.192   

Anisotropy (r) is a dimensionless parameter defined as the ratio of the polarized 

fluorescence emission component to the total light intensity (equation 4-2).  An emission 

polarizer is rotated between positions detecting fluorescence intensities parallel to 

polarized excitation light (I║), and perpendicular to the excitation light (I┴).  Anisotropy is 

directly proportional to the rotational correlation time of the fluorophore (θ) by the 

transposed form of the Perrin equation in equation 4-3, which in turn, is inversely 

proportional to the diffusion constant (D) as in equation 4-4.192  Thus, higher molecular 

weight molecules have lower D values, which means increased θ and r values.  

(Additional terms: r0 is fundamental anisotropy (the anisotropy in the absence of 

depolarizing processes), and τ is the fluorescence lifetime.) 
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When FA is used to measure binding between a fluorescently-labeled molecule 

and a ligand, the higher molecular weight component is typically titrated into a solution 

of the labeled lower molecular weight molecule.  This maximizes the molecular weight 

difference between the bound and unbound forms, increasing the change in anisotropy 

(Δr) at each aliquot added.  Based on this pertinent background, the drug target was 
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dye-labeled and the aptamer probe was titrated into the solution, and Δr was plotted as 

a function of aptamer concentration 

For this dissertation work, proof-of-concept work was performed using the 15-mer 

thrombin aptamer of sequence 5’-FITC-GGT TGG TGT GGT TGG titrated with various 

thrombin concentrations as a model system.  Anisotropy measurements were 

performed on a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon) with excitation and 

emission polarizers in L-format.  Based on the manufacturer’s recommendations, the 

following settings were optimized: λEx= 492 nm; λEm= 520 nm; integration time= 1 sec; 

slit width= 10 nm; aptamer concentration= 61 nM; total volume= 200 μL.  Thrombin 

concentrations from 2-200 nM in the thrombin selection buffer (20 mM Tris-acetate, pH 

7.4, 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2) were titrated into the aptamer 

solution and incubated for 1 min.  A minimum of three measurements were taken with 

the initial aptamer solution and for each thrombin concentration titrated.  The results 

were plotted using SigmaPlot as change in anisotropy versus aptamer concentration 

using a best-fit one-site ligand binding model to determine the Kd.  The change in 

anisotropy is the average anisotropy of the initial dye-labeled aptamer subtracted from 

the average anisotropy value at each thrombin concentration. 

To measure the FA for our aptamers, the drug was conjugated to 5,6-NHS-TMR 

(5,6-N-hydroxysuccinimide-carboxytetramethylrhodamine; AnaSpec) in a similar 

manner to that described for the drug/biotin conjugation.  In this case, 5 mg of TMR dye 

was dissolved in PBS buffer (no MgCl2 or CaCl2 added) and dimethyl sulfoxide (DMSO), 

and slowly added to 46.5 mg Angiomax in 100 μL PBS buffer for a total volume of 600 

μL.  The solution was stirred overnight at 4°C and HPLC purified as described for the 
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biotin/drug conjugation.  Anisotropy measurements were performed on a Fluoromax-4 

spectrofluorometer (Horiba Jobin Yvon) with excitation and emission polarizers in L-

format.  Based on the manufacturer’s recommendations, the following settings were 

optimized: λEx= 545 nm; λEm= 580 nm; integration time= 2 sec; slit width= 7 nm (JPB2) 

or 9 nm (JPB5, TV01, and TV03); drug concentration= 1 μM; total volume= 200 μL.  

DNA concentrations in the micromolar range were titrated into the peptide solution and 

incubated for 1 min.  A minimum of four measurements were taken for each aptamer 

concentration.  The results were plotted in SigmaPlot as change in anisotropy versus 

aptamer concentration using a best-fit one-site ligand binding model to determine the 

Kd.  The change in anisotropy is the average anisotropy of the initial dye-labeled peptide 

subtracted from the average anisotropy value at each DNA probe concentration.  

Sequence TV01: ATCG TCT GCT CCG TCC AATA GT GCA TTG AAA CTT CTG CAT 

CCT CG TTTG GTG TGA GGT CGT GC; TV03: ATCG TCT GCT CCG TCC AATA 

GCG TGC ATT GGT TTA CTG CAT CCG TGA AAC TGG GCT TTG GTG TGA GGT 

CGT GC.68 

Clotting Experiments in Plasma 

The clotting experiments functioned on an increase in light scatter over time as 

thrombin cleaved soluble fibrinogen into insoluble fibrin.  The terminology used to 

describe the coagulation experiments is shown in Figure 4-2.  The normal clotting time 

expresses the time for uninhibited thrombin to cleave fibrinogen, and is expected to be 

short (Figure 4-2A).  When the drug is added to the system, thrombin is inhibited, 

resulting in prolonged clotting times (Figure 4-2B).  Ideally, when the aptamer is added, 

it will prohibit the peptide from binding thrombin, allowing the protein to cleave 

fibrinogen in a short time period (Figure 4-2C), similar to the normal clotting time. 
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Figure 4-2.  Modes of coagulation. Expected results include: A) Short normal clotting 

time; B) Longer clotting times for the experiments prolonged by drug inhibition 
of thrombin; C) A return to short clotting times when the aptamer binds to the 
drug and frees thrombin for cleavage of fibrinogen. 

Bivalirudin dose response curve 

The first step in the plasma studies was to determine the amount of drug that 

doubled the normal clotting time.  In this experiment, the reaction was carried out in a 

100 μL quartz fluorescence cuvette (Starna Cells), and the light scattering was 

monitored on a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon).  The settings for 

this experiment were as follows: λ= 500 nm; slit width= 3 nm; integration time= 0.1 sec; 

interval= 0.5 sec, temperature= 37°C.  Three different wavelengths were tested for 

monitoring the reaction, and the one utilized in further studies was the wavelength which 

gave the largest response when thromboplastin-L was added.  Thromboplastin-L 

(Pacific Hemostasis) was equilibrated to 37°C in a water bath prior to experiments.  

UCRP (universal coagulation reference plasma; 50 μL; Pacific Hemostasis) was added 

to the cuvette and placed in the sample chamber.  The plasma was incubated in the 

sample chamber with different concentrations of drug (0-1000 nM) for 2 min during 

which the system was equilibrated to 37°C and the signal from the instrument leveled 
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off (step 1).  Thromboplastin-L was mixed (50 μL) with the plasma (step 2), and the 

increase in light scatter was monitored by FluorEssence software.  Each drug 

concentration was tested twice, then each curve of scattered light intensity versus time 

was best-fit to a 4-parameter sigmoid equation using SigmaPlot to determine the 

clotting time (considered as the halfway point between the minimum and maximum 

intensity values).  These coagulation times for each drug concentration were then 

averaged, plotted versus time, and best-fit to the same 4-parameter sigmoid equation.  

The drug concentration required to double the normal clotting time was considered to be 

the concentration at the halfway point between the minimum and maximum clotting time 

values. 

Coagulation testing 

The same conditions as those used in the Bivalirudin dose response curve were 

retained for the aptamer-influenced measurements.  Three types of measurements 

were compared for this test: 1) Normal clotting time; 2) Prolonged clotting time with 352 

nM drug added in step 1; 3) Addition of 5-50,000 nM aptamer sequence (or control 

TV03 nonbinding sequence) and 352 nM drug in step 1.  Step 2 addition of 

thromboplastin-L remained the same for each type of measurement.   Each aptamer 

concentration was tested a minimum of two times, and each measurement plotted as a 

function of light intensity versus time and best-fit to a 4-parameter sigmoid equation 

using SigmaPlot to determine the clotting time (considered as the halfway point 

between the minimum and maximum intensity values).  The average of the clotting 

times determined for each aptamer concentration represent the reported clotting time. 
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Clotting Experiments in Buffer 

The clotting experiments in buffer were also based on the premise of light 

scattering generated over time by thrombin cleaving soluble fibrinogen into insoluble 

fibrin.  The buffer experiment was a simplistic assay designed to determine whether the 

aptamer could function in a model setting mainly devoid of nucleases.  This assay 

consisted only of thrombin, aptamer, and fibrinogen. 

Optimizing fibrinogen concentration 

The concentration of fibrinogen used in the assay was optimized based on a 

physiologically relevant concentration of thrombin.193, 194  In this experiment, the reaction 

was carried out in a 100 μL quartz fluorescence cuvette (Starna Cells), and the light 

scattering was monitored on a Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon).  

The settings for this experiment were as follows: λ= 500 nm; slit width= 3 nm; 

integration time= 0.1 sec; interval= 0.5 sec, temperature= 37°C.  The normal clotting 

time was determined by adding 50 μL of 15.5 nM thrombin (human α-thrombin; 

Haematologic Technologies) in BB to the cuvette and equilibrating it in the instrument 

for 2 minutes (step 1).  Next, 50 μL of fibrinogen (Sigma-Aldrich) concentrations ranging 

from 0.5-15 μM (final) were added and mixed well by pipette (step 2), and the increase 

in light scatter was monitored using FluorEssence software.  Each fibrinogen 

concentration was tested twice (with the exception of 15 μM fibrinogen), and each 

measurement of light intensity versus time was best-fit to a 4-parameter sigmoid 

equation using SigmaPlot to determine the clotting time. 

Bivalirudin dose response curve 

Building the dose response curve commenced using the same settings as for the 

fibrinogen concentration experiments.  In these experiments, 50 μL of 15.5 nM thrombin 
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in BB and drug concentrations ranging from 0-100 nM final concentration were added to 

the cuvette and equilibrated in the instrument for 2 minutes (step 1).  Next, 50 μL of 0.5 

μM (final) fibrinogen was added and mixed well by pipette (step 2), and the increase in 

light scatter was monitored using FluorEssence software.  Each drug concentration was 

tested twice, then each curve of light intensity versus time was best-fit to a 4-parameter 

sigmoid equation using SigmaPlot to determine the clotting time (considered as the 

halfway point between the minimum and maximum intensity values).  These coagulation 

times at each drug concentration were then averaged, plotted versus the drug 

concentration, and best-fit to the same 4-parameter sigmoid equation.  The drug 

concentration required to double the normal clotting time was considered to be the 

concentration at the halfway point between the minimum and maximum clotting time 

values. 

Coagulation testing 

Instrument settings similar to the fibrinogen and dose response testing in buffer 

were maintained.  The normal clotting time was determined by adding 50 μL of 15.5 nM 

thrombin in BB to the cuvette and equilibrating it in the instrument for 2 minutes (step 1).  

Next, 50 μL of 1 μM fibrinogen (500 nM final) was added and mixed well by pipette, and 

the increase in light scatter was monitored using FluorEssence software (step 2).  The 

prolonged clotting time consisted of the addition of 1.08 μL of drug (10.8 nM final) to 

step 1, followed by fibrinogen addition.  For the aptamer studies, drug and 5-20 μM of 

aptamer or control sequence TV03 were added in step 1, preceding fibrinogen addition.  

Each aptamer concentration (with the exception of 5 μM aptamer concentration) was 

tested in duplicate, and each curve of light intensity versus time was fit to a 4-parameter 

sigmoid equation using SigmaPlot to determine the clotting time.  In the graph, the 
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normal and aptamer (or control) induced clotting times were normalized with respect to 

the prolonged clotting time, showing the effect of the DNA on the drug function. 

Truncation via DNA Microarray 

A DNA microarray chip may solve time and material consumption barriers 

associated with aptamer truncation, as discussed in the chapter introduction.  The 

microarray was a commercially available platform from CombiMatrix, and contained 

~12,000 sequences synthesized in precise locations on the surface.  Therefore, when 

fluorescently-labeled target interacted with the sequences, a standard microarray reader 

imaged the array, and the position of fluorescence was correlated to the exact 

sequence binding the target.  Fluorescence intensity determined by imaging software 

can serve as a measuring stick to estimate the affinity of the ligand for the target. 

Design 

A total of 8,000 of the available sequences were utilized on the chip for the 

truncation experiments.  Several rational truncations were performed based on the 

secondary structures of JPB2 and JPB5 at 37°C predicted by IDT OligoAnalyzer.  

Systematic truncation of single and both primer sequences, all individual stem/loop 

hairpins, combinations of hairpins, and modification of the length of linkers between 

hairpins for each predicted structure was performed.  Additionally, both aptamers were 

truncated to every possible 20-40 mer sequence.  For example, possible 20-mers of 

JPB5 (Figure 4-3) would begin with the sequences at positions 1-20, the next sequence 

would be bases 2-21, followed by bases 3-22, etc. until all 20-mer sequences through 

bases 41-60 are represented.  Similarly, 32-mers would originate with sequences at 

base positions 1-32, then 2-33 and 3-34, through positions 29-60.  Each truncated 

sequence for both aptamers was represented 5X on the chip. 
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ATC GTC TGC TCC GTC CAA TAT ATT GTG TGA CCC CCC TCT TGT TTT GGT GTG AGG TCG TGC
1 5 10 15 2520 3530 40 45 50 55 60

 
Figure 4-3.  Truncation of JPB5. Sequences in red correspond to the base position 

indicated above. 

Microarray studies 

The chip was assembled by attaching the hybridization chamber.  The chamber 

was filled with BB and incubated for 10 min at 45°C in order to rehybridize the probes.  

The chip was then equilibrated with BB for 5 min at 37°C.  Next, BB supplemented with 

2% BSA was added to the hybridization chamber, and incubated for 30 min at 37°C.  

The chip was washed 2X with nuclease free H2O and incubated for 10 min.  The TMR-

labeled peptide (100 μM) in BB was added to the chip and incubated for 30 min at 37°C.  

The chip was washed with BB, and the buffer was removed from the hybridization 

chamber.  The hybridization chamber was detached from the chip, and the 

semiconductor surface area was covered with Imaging Solution (CombiMatrix) and a 

LifterSlip (CombiMatrix).  An Axon Gene Pix 4000B was used to image the chip at 

excitation wavelength 532 nm.  Following usage, the chip was washed with water, and 

the hybridization chamber was filled with BB and stored at 4°C.  Stripping of binding 

target was carried out by incubating the chip in BB for 30 min at 60°C.  The images 

were analyzed by Microarray Imager 5.9.3 software provided by CombiMatrix.  

Fluorescence intensity readings are reported as the average of each reported probe 

synthesized in five different locations on the chip.  Background fluorescence intensity 

was determined by the average of control sequences provided by CombiMatrix. 
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Results and Discussion 

Kd Characterization by FA 

The dissociation constant was studied using a FA method.  Thrombin/thrombin 

aptamer was used as a proof-of-concept model for determining Kd measurements by 

FA. The 15-mer thrombin aptamer has been reported in the literature to bind exosite 1 

of thrombin with Kd~ 25 nM.113  In Figure 4-4, the affinity of thrombin/thrombin aptamer 

at Kd= 36.9 ± 4.8 nM was found to be very close to the literature values.  Therefore, the 

technique was validated, and the system was applied to bivalirudin and the selected 

aptamers. 

Kd= 36.9 ± 4.8 nM
R= 0.987
R2= 0.975

 
Figure 4-4.  Kd plot of thrombin/15-mer thrombin aptamer using FA. 

JPB2 and JPB5 were chosen for further characterization due to the sequences 

displaying the largest flow cytometry binding assay shifts (Chapter 3).  Figure 4-5A-B 

depicts the binding curves generated by JPB2 and JPB5.  JPB2 demonstrated a 

calculated Kd= 5.99 ± 0.88 μM, and JPB5 displayed Kd= 5.76 ± 1.79 μM.  When these 

experiments were repeated for both aptamers, estimated Kd values fell within the error 
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of the values.  These affinities are on the high affinity side of normal for small 

molecules/peptides, with reported Kds in the high nanomolar to high micromolar 

range.22, 176, 195 Additionally, two nonbinding control sequences were tested, TV03 and 

TV01 (Figure 4-5C-D) which resulted in nearly linear Kd curves under the concentrations 

tested.  These sequences demonstrated calculated Kd values of 502.1 and 115.6 μM 

respectively under the concentrations used, ranging from approximately 20- to 85X 

higher than the Kds of the aptamer sequences.  This confirms the aptamer sequences 

and resulting binding curves are the result of target binding instead of nonspecific DNA 

interactions. 

Kd= 5.99 ± 0.88 μM
R = 0.996
R2 = 0.992

A

Kd= 502.1 μM
R = 0.996
R2 = 0.992

C D

Kd= 115.6 μM
R = 0.995
R2 = 0.990

Kd= 5.76 ± 1.79 μM
R = 0.957
R2 = 0.915

B

 
Figure 4-5.  Kd curves of aptamers and controls. A) JPB2; B) JPB5; C) TV03 control; D) 

TV01 control. 



 

112 

Clotting Studies in Plasma 

JPB5 was applied to plasma in order to test the aptamer’s ability to serve as an 

antidote to bivalirudin.  A drug dose response curve was constructed as a function of 

drug concentration versus clotting time (Figure 4-6).  The data was fit to a sigmoidal 

curve with a high degree of accuracy, and the concentration of drug required to double 

the clotting time (C2) was calculated as 352 nM bivalirudin.  This concentration was 

implemented into the prolonged and aptamer-mediated clotting times for plasma. 
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Figure 4-6.  Dose response curve of bivalirudin in human plasma. 

The values were compared to control sequence TV03, which demonstrated very 

weak affinity for the target.  The results for JPB5 and TV03 control tested over a wide 

range of concentrations (Figure 4-7) showed similar values intermediate between the 

prolonged and normal clotting times.  This is hypothesized to be the consequence of 

aptamer degradation by nucleases present in the plasma.  It has been reported in the 

literature that nuclease activity, primarily DNase I, is present in human plasma which 
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can degrade oligodeoxynucleotides.196  The same group states that heating the 

samples to 70°C has been successful in removing the activity, but this would almost 

certainly adversely affect the coagulation proteins that are the focus of this study.  

Therefore, experiments commencing in buffer rather than plasma would determine 

whether the aptamer can inhibit drug function in mediums devoid of nuclease activity. 
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Figure 4-7.  Effect of JPB5 and TV03 control sequence on clotting time in plasma. 

Clotting Studies in Buffer 

The fibrinogen concentration and drug dose response curve for the coagulation 

tests run in buffer were optimized prior to determining the aptamer-mediated effects.  

The clotting time was observed to actually decrease as the fibrinogen concentration 

decreased (Figure 4-8A), which is counterintuitive to expected results, as a decrease in 

substrate is generally believed to result in a decrease in product formation.  One 

hypothesis for the reason this phenomenon is occurring includes product inhibition.  

Product inhibition is especially relevant when considering that most coagulation factors 

have negative feedback activity; that is, the products can inhibit upstream reactants 
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once the concentration exceeds normal limits.197  This function balances the processes 

so the body remains in homeostasis.  The lack of all constituents of the coagulation 

cascade changes the dynamics of the system, where the different components may 

stabilize this effect.  Fibrin strands are known to retain binding to thrombin, so possibly 

the excess product at exosite 1 inhibits binding of fibrinogen to the same site.198  The 

dose response curve of bivalirudin demonstrated a good fit to the data (Figure 4-8B), 

and a drug concentration of 10.8 nM was calculated to double the clotting time in the 

buffer system. 
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Figure 4-8.  Optimization of conditions for buffer experiments. A) Fibrinogen 
concentration; B) Bivalirudin dose response curve. 
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Figure 4-9.  Effect of JPB5 and TV03 control on clotting time. Clotting times at each 
concentration were normalized as a function of the prolonged clotting time.  
(Times lower than 1 correlate to times lower than that of the prolonged 
clotting time, while those higher than 1 relate to an increase from the 
prolonged clotting time.) 

When all components were combined for testing of the aptamer response, the 

results in Figure 4-9 were obtained.  The values for each DNA concentration are 

normalized in terms of the prolonged clotting time to provide an illustration of the effect 

of the probe on the drug.  Aptamer JPB5 was able to reduce the clotting time of the 

system in a dose-dependent manner, with nearly complete antidote affect at 20 μM 

probe concentration.  In contrast, the control TV03 probe actually served to increase the 

clotting time of the system.  This is likely due to dilution effects, as the TV03 results 

appear similar to previous results gathered when only buffer was added.  The data from 

the concentrated (500 μM) and diluted (100 μM) TV03 control concentrations 

demonstrate that dilution plays a role in the results, since the 20 μM concentration has a 

significantly enhanced clotting time than the more dilute sample.  This confirms the 
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specificity of JPB5 for bivalirudin, since the aptamer decreased the clotting time, yet the 

control at the same concentration as the aptamer only diluted the sample.  Thus, the 

aptamer was able to serve as an antidote to the drug in buffer. 

Microarray Truncation 

 
Figure 4-10.  Image of DNA microarray target binding. The region to the right represents 

a blowup of the box of the whole array on the left. 

The microarray studies for aptamer truncation resulted in many positions where 

fluorescence from the TMR-labeled target binding was observed.  An example is shown 

in Figure 4-10, where a blowup of the region in the red square revealed several 

positions of fluorescence.  The microarray software correlates the position of 

fluorescence emission with which DNA sequence is binding the target.  The program 

also reports the fluorescence intensity of each binding event, which is used as a metric 

for determining relative target/sequence affinities. 

The experiment revealed several probes which demonstrated signal significantly 

higher than the background values (Table 4-1).  One 31-mer JPB5 derivative of 
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sequence TAT ATT GTG TGA CCC CCC TCT TGT TTT GGT G had a signal intensity 

of 511.01, while a 20-mer derivative of JPB2 with sequence TAC GTA ACA TCC CCG 

TAA TA displayed a fluorescence value of 103.49.  These were higher than 

fluorescence intensity values for the full versions of the probes at 63.41 for JPB5 and 

61.41 for JPB2.  Both truncated sequences contain primarily the random regions of the 

original sequences which are expected to account for the majority of the specificity and 

binding properties of individual aptamers. 

Table 4-1.  Microarray truncation 
Sequence Intensity 
JPB5 (Full) 63.41 
JPB5 (31-mer) 511.01 
JPB2 (Full) 61.41 
JPB2 (20-mer) 103.49 
Background 51.76 

 

Conclusions 

This work proved the utility of FA methods in determining affinity of aptamer/target 

interactions.  An important benefit of FA is that the reaction takes place in free solution, 

without the necessity of capturing the complex by particles for detection (flow 

cytometry), or immobilization of the target or aptamer to a surface (SPR).  Two 

aptamers demonstrated low micromolar dissociation constants for bivalirudin using FA, 

values which are on the low (high affinity) side of the normal range for small 

molecule/peptide targets.  It would be interesting to validate these Kd measurements by 

another technique that does not require capture or immobilization such as isothermal 

calorimetry (ITC).  ITC directly measures the heat released or absorbed by a 

bimolecular binding event, enabling a completely label-free detection method. 
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One of the aptamers, JPB5, was successful at functioning as an antidote to 

bivalirudin in buffer, restoring thrombin activity in a concentration-dependent manner.  

This is believed to be the first occasion where an aptamer was generated against an 

existing pharmaceutical anticoagulant. Unfortunately, the aptamer did not function in 

plasma, possibly due to degradation by the presence of nucleases.  This sequence is 

currently under evaluation for modifications such as PEGylation to increase the lifetime 

of the aptamer in the plasma.  

A novel method of aptamer truncation using a DNA microarray was presented in 

this work, also believed to be the first of its kind.   The microarray studies revealed 

abbreviated sequences from both JPB2 and JPB5 which correspond primarily to the 

random region of the aptamer.  The truncated JPB5 sequence is presently undergoing 

affinity and antidote characterization for use in replacement of the longer JPB5 aptamer.  

A PEGylated version of the truncated JPB5 is simultaneously under examination for 

antidote function and nuclease-resistance study. 

In summary, this work provides innovative methods and implements new 

technology to generate an aptamer with exciting potential for development as an 

antidote for an anticoagulant drug.  This antidote will improve the safety profile of the 

anticoagulant bivalirudin, which is advantageous and sometimes essential for use as an 

alternative to heparin.  Based on the positive results of the buffer experiments, we are 

currently seeking approval for testing this drug in controlled animal studies.  Ideally, the 

PEGylated, truncated version of aptamer JPB5 will still retain antidote activity and will 

be implemented into the in vivo studies. 
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CHAPTER 5 
CANCER CELL CAPTURE USING APTAMER-IMMOBILIZED SQUARE CAPILLARY 

CHANNELS: PROOF-OF-PRINCIPLE 

Introduction  

Separating pure cells from a complex matrix is a vital process for scientists 

aspiring to gain knowledge of cellular processes, and for clinicians detecting the 

presence of specific types of cells for diagnostic or therapeutic purposes.  Cancer cells 

are of extreme significance to diagnosticians since the probability of patient survival 

increases the earlier the disease is identified.  However, the cells are dispersed in 

exceptionally low concentrations, usually <200 cells/mL for most types of cancer.  

Therefore, devices used for cancer cell detection must be highly sensitive to capture a 

significant amount of the malignant cell population. 

Microfluidic devices have recently been gaining attention for the efficient 

separation of cancer cells.92-94, 151  While microfluidics have been successful for this 

purpose in the past, the devices suffer from challenges with design and fabrication, 

often requiring expensive clean rooms which are inaccessible to many laboratories.  

The systems may also be difficult to interface with benchtop fluidic devices, and the 

chemistries used to immobilize ligands on the typically polymeric surfaces are 

nonstandard.199 

In contrast, capillaries have several properties which may promote their use as cell 

capture devices.  Capillaries have relatively simple connection options, are 

commercially available with excellent batch-to-batch reproducibility, and are easily 

surface-modified using simple, well-characterized chemistries.  Specifically, square 

capillaries are attractive for cancer detection because flat-walled capillaries (square or 

rectangular) have less optical distortion and scatter than the curved walls of circular 
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tubes.156, 200  This characteristic becomes significant due to the potentially extremely low 

concentrations of cancer cells present in the blood promoting direct imaging of captured 

cells rather than offline quantitation. 

Properties inherent to aptamers such as specificity, ease of modification, and 

stability to degradation make the probes ideal ligands for cell capture.  This group has 

previously selected the aptamer sgc8, which selectively binds to acute lymphoblastic 

leukemia CEM cells, but not to the Ramos cell line (Burkitt’s lymphoma) using a 

modification of the SELEX procedure known as cell-SELEX.28  This aptamer binds with 

high affinity (Kd= 800 pM), implying that the aptamer/cell bond can withstand a 

substantial amount of force, as discussed in Chapter 1. 

The work presented in this chapter aims to combine the specificity of aptamers 

with the enhanced optical properties of square capillaries to improve upon results 

observed in circular capillaries, as well as to provide simple and cost-effective devices 

for the selective capture of cancer cells.  The simplicity of setup and capture chemistry 

provide the capillary system with unique advantages with an application toward the 

detection of cancer cells in initial proof-of-principle studies.  

Materials and Methods 

Cell Culture and Buffers 

CCRF-CEM cells (CCL-119 T-cell, human acute lymphoblastic leukemia) and 

Ramos cells (CRL-1596, B-cell, human Burkitt’s lymphoma) were obtained from ATCC 

(American Type Culture Association).  The cells were cultured in RPMI medium 1640 

(ATCC) supplemented with 10% FBS (heat-inactivated; GIBCO) and 100 IU/mL 

penicillin-streptomycin (Cellgro).  Immediately before experiments, cells were rinsed 

with 2 mL of washing buffer (WB2; 4.5 g/L glucose and 5 mM MgCl2 in Dulbecco’s PBS 
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with CaCl2; Sigma). Experiments using unstained cells involved direct dilution of cells to 

the desired concentration with binding buffer (BB2; WB2 supplemented with yeast tRNA 

(0.1 mg/mL; Sigma) and BSA (1 mg/mL; Fisher)) with 10% FBS.  For cell staining 

experiments, the cells were diluted to 1×106 cells/mL in WB2, and the manufacturer’s 

instructions were followed by treating the cells with Vybrant DiI (λEx/λEm 549 nm/565 nm) 

or Vybrant DiO (484 nm/501 nm) cell-labeling solutions (Invitrogen) for 5 min at 37 °C.  

Cells were then rinsed with 1 mL WB2 and reconstituted to the desired concentration 

using binding buffer with 10% FBS.  All cells were stored on ice until needed. 

Device Construction  

31 2

Magnified 
view of 
capillary

Avidin

Biotin-sgc8

CEM cell

A

B

 

Figure 5-1.  Schematic of setup and immobilization. (A) A small piece of Teflon tubing 
(1) connects a square capillary (2) with an observation window (3) to a 
syringe. (B) Avidin is immobilized onto the capillary walls, and 5’-FAM-sgc8-
poly(T)10-biotin is added for capture of target CEM cells.  

A 8 cm piece of 359 μm o.d./74 μm i.d. square capillary (Polymicro Technologies) 

was cut from the capillary spool, and a Bunsen burner was used to form a ~2-3 cm 

transparent window about 1 cm from one end (Figure 5-1A).  After the window was 

cleaned with ethanol to remove remaining debris, a 2 cm piece of Teflon tubing (PTFE 

(polytetrafluoroethylene) tubing, regular wall, 30 Gauge; Zeus) was used to connect the 
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end of the capillary farthest from the transparent window to a 500 μL U-100 Insulin 

Syringe (Becton Dickinson and Company).   

DNA Synthesis  

The aptamer sgc8 sequence, 5′- FAM- ATC TAA CTG CTG CGC CGC CGG GAA 

AAT ACT GTA CGG TTA GAT TTT TTT TTT-3′-biotin, was synthesized using an 

ABI3400 DNA/RNA synthesizer (Applied Biosystems).  The poly(T)10 linker was 

incorporated into the structure based on previous research results showing enhanced 

aptamer function by extending an immobilized aptamer away from the surface.93  DNA 

synthesis reagents were purchased from Glen Research (Sterling, VA). DNA purification 

was performed with a ProStar HPLC (Varian) using a C18 column (Econosil, 5U, 250 

mm × 4.6 mm) from Alltech Associates. UV-Vis measurements were performed with a 

Cary Bio-300 UV spectrometer (Varian) to measure DNA concentration. 

Device Characterization 

Table 5-1.  Physical properties of capillary 
Parameter Calculated Value 
Volume (uL) 4.62 x 10-1 
D (m2/sec) 4.90 x 10-14 
t (sec) 2.95 x 104 
Dh (m) 7.60 x 10-5 
Re (dimensionless) 1.96 x 10-1 

 

The physical parameters of the capillary were calculated as described in Chapter 1 

in order to characterize the properties of the device (inner diameter 76 μm, length 8 cm).  

The low Re confirms laminar flow (values <2000) throughout the tube.  Note the 

exceptionally long cell diffusion times are counteracted by a short cell settling time due 

to gravity (Chapter 1). 
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Controlling Degree of Sgc8 Immobilization 

Capillaries were cleaned and activated by manually adding 50 μL of 1 M NaOH, 

then rinsed with 50 μL of doubly-deionized water immediately prior to use.  Avidin (5 

mg/mL) was introduced at 1 μL/min for 3 minutes using a Micro4 syringe pump (World 

Precision Instruments, Inc.) and incubated for 15 minutes.  Excess avidin was removed 

with a manual wash of 50 μL of binding buffer.  Ten microliter aliquots of different 

concentrations (0.5 μM, 25 μM, 50 μM, and 100 μM) of 5’-FAM-sgc8-poly(T)10-biotin 

were manually drawn into separate capillaries, incubated for 30 sec, and rinsed with 50 

μL of binding buffer.  Several sections of each capillary were imaged using an Olympus 

FV500-IX81 confocal microscope, and the raw images were analyzed in terms of 

fluorescence intensity by ImageJ (NIH). 

Cell Capture Assays   

The chemistry involved in cell capture is presented as a schematic in Figure 5-1B.  

Avidin and sgc8 immobilization was carried out with 50 μM aptamer using the method 

described in the sgc8 immobilization step.  To avoid cell settling, 1 mL of cell 

suspension was added to a dish with a stir bar on a magnetic stir plate.  A small hole in 

the dish enabled capillary insertion into the cell solution, and cells were withdrawn using 

the Micro4 syringe pump at either 200 nL/min (Table 5-2, Experiments 2 and 3) or 300 

nL/min (Table 5-2, Experiment 1) for 10 minutes.  Nonbinding cells were rinsed from the 

capillary with three column volumes (1.5 μL) of binding buffer via syringe pump at either 

200 nL/min or 300 nL/min (depending on flow rate of cells previously added).  For the 

square and round capillary images, the capillaries were imaged without cell elution.  For 

performance experiments, captured cells were quantified by manually introducing a 

stream of air into the capillary, then collecting eluted cells in 10 μL of binding buffer, and 
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finally determining cell concentration by adding the cell solution to a hemocytometer 

(Hausser Scientific). 

Flow Rate Experiments  

Capillaries were coated with avidin and aptamer as described in the sgc8 

immobilization step.  Cell capture was performed at flow rates of 300, 600, or 1200 

nL/min in individual capillary devices as described in the cell capture assays section.  

Non-target cells were introduced only at the lowest flow rate, 300 nL/min.  Images 

corresponding to different positions on each capillary window were taken, and ImageJ 

was used to count the number of cells in each image.  For each flow rate, the number of 

cells for all positions imaged along the capillary was averaged, and the total number of 

cells captured was calculated by approximating the length of capillary visible in each 

image to be 1 mm.  Captured target and non-target cells at the 300 nL/min flow rate 

were imaged both inside the capillary and on a glass slide with a coverslip, eluted by 

introduction of an air stream.  

Stained Cell Imaging Using Fluorescence Microscopy 

CEM cells were split into 2 samples, each stained with either DiI or DiO dye as 

described above.  Samples stained with each dye were manually injected into separate 

square capillary devices ([cell]= 1×107 cells/mL), then mixed ([cell]= 5×106 cells/mL of 

each dye) prior to injection.  Each sample was imaged using a Leica DM6000B 

fluorescence microscope using either BGR or monochromatic CCD (charge-coupled 

device) camera filters followed by false coloring using ImageJ. 

Cell Elution Efficiency  

Cells were captured, eluted, and counted using the method described in the cell 

capture assays section.  To determine the elution efficiency, the entire length of 
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capillary was scanned to count any cells that were not eluted by the air stream, and 

these remaining cells were added to the eluted cells for the total number of cells 

captured by the capillary.  Eluted cells were divided by total cells and multiplied by 

100% to calculate the elution efficiency of the procedure.  From the data obtained from 

three trials, elution efficiencies of 99.78%, 99.85%, and 99.97% were obtained, leading 

to an average elution efficiency of 99.87 ± 0.06%. 

Square and Circular Capillary Cell Capture Comparison   

Two square (359 μm o.d./74 μm i.d.) and two circular capillaries (358 μm o.d./76 

μm i.d) were prepared following the method described in the cell capture assays 

section.  For this work, the initial probe concentration was 5 μM, and the cell 

concentration was 5×106 cells/mL.  Following cell capture, the cells retained in the two 

square and two circular capillaries were combined according to geometry before 

addition of the eluted cells to the hemocytometer. 

Microscopy and Image Analysis   

Accurate initial cell concentrations for both cell lines were obtained before each 

experiment by adding the initial cell solution to a hemocytometer and imaging the device 

with an Olympus FV500-IX81 confocal microscope.   The cells were counted by 

importing the images into ImageJ and manually counting cells from each cell line.  The 

cell concentration was calculated in accordance with the manufacturer’s instructions.  

The concentration of cells captured by the device was calculated in a similar manner; 

however, nine image sets were obtained, corresponding to all units of the 

hemocytometer grid.  For the cell staining experiments, transmitted images, as well as 

those corresponding to red fluorescent target cells and green fluorescent control cells, 

were obtained for each square unit of the hemocytometer grid.  Once the images were 



 

126 

imported into ImageJ, red and green cells could be individually highlighted and overlaid 

on the transmitted image in order to count the number of each cell type present for both 

initial and captured cells. 

Square and Circular Capillary Imaging  

To compare the imaging capabilities of the capillary geometries, cells were 

injected into an 8 cm length of 358 μm o.d./76 μm i.d. circular ((A), 2×106 cells/mL) or 

359 μm o.d./74 μm i.d. square ((B) 10×106 cells/mL) capillary and imaged using a Leica 

DM6000B fluorescence microscope.  Cells were then captured using the method 

described in the cell capture assay portion (6.4×105 cells/mL) and imaged with an 

Olympus FV500-IX81 confocal microscope for either a circular or square capillary of the 

same dimensions given above. 

Results and Discussion 

Sgc8 Immobilization 

The first step in proving the utility of the device was to show that aptamer 

immobilization on the capillary surface could be controlled by varying the concentration 

of sgc8 introduced into the device.  In this experiment, different concentrations of 5’-

FAM-sgc8-poly(T)10-biotin were immobilized on the capillary walls coated with avidin, 

and the fluorescence intensity observed at each concentration was compared (Figure 5-

2).  A concentration-dependent increase in fluorescence intensity as sgc8 concentration 

increased was apparent, with saturation of signal at 50 μM sgc8.  The confocal images 

of a representative of each aptamer concentration are presented in Figure 5-3.  A 

saturating sgc8 concentration (50 μM) was employed throughout the remainder of the 

studies in order to maximize the number of ligands binding to the cells. 



 

127 

0

500

1000

1500

2000

2500

3000

3500

0 20 40 60 80 100 120

[sgc8] (uM)

F
lu

or
es

ce
n

t 
S

ig
n

al

 
 

Figure 5-2.  Fluorescence intensity increase as aptamer concentration is increased. 
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Figure 5-3.  Confocal images of FAM-labeled sgc8 immobilized inside a capillary at 
various aptamer concentrations. A) 0.5 μM sgc8; B) 25 μM sgc8; C) 50 μM 
sgc8; D) 100 μM sgc8. 

Cell Volumetric Flow Rate Trends 

Basic flow rate experiments were carried out in order to investigate flow rate 

trends and to help identify the proper conditions for cell capture.  Target cells (CEM) 

were captured in the capillaries at three different cell flow rates (300, 600, or 1200 
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nL/min).  The experiments demonstrated linear velocity-dependent binding (Figure 5-4), 

with the lowest flow rate (300 nL/min) capturing the highest amount of cells (1374 cells 

captured), followed by intermediate flow rate (558 cells captured), and finally the highest 

flow rate (240 cells captured).  These results agree with published data that indicates a 

decrease in flow rate will consequently decrease the linear velocity of the cell 

population, leading to a higher fraction of cells with sufficient time to form enough bonds 

for attachment.201  Additionally, nontarget cells (Ramos) were introduced to a capillary 

device at the lowest flow rate (300 nL/min), and only 26 cells were captured.  

Comparison of the amounts of target and non-target cells captured at the lowest flow 

rate is better visualized by the massive amounts of cells observed upon elution of the 

target cells onto a microscope slide (Figure 5-4C; large circles represent air bubbles) 

versus the miniscule number of nontarget cells eluted (Figure 5-4D). Thus, even at the 

lowest flow rates, target cells were captured in quantities over an order of magnitude 

higher than nontarget cells.   

The image in Figure 5-4E shows cells dislodged by the air/liquid interface exerting 

shear forces on captured cells upon introduction of an air bubble.  This air-based elution 

mechanism allows the cells to remain concentrated for offline counting procedures, as 

opposed to liquid shear-force strategies that dilute the captured target.166  Air-based 

elution forms the basis for cell counting in a hemocytometer used in the following 

studies. 

Fluorescence Microscopy Imaging of Stained Cancer Cells 

CEM cells were stained with DiI and DiO dyes, then introduced into separate 

capillaries for imaging of each dye alone and a mixture of the two dyes.  The images 

obtained from capillaries containing cells with only one dye were fairly clear, but when 
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the cells were mixed and BGR (blue/green/red) light was used for excitation, all imaged 

cells appeared green (DiO emission).  The main cause is due to the fact that DiO 

emission is much more intense than DiI, contributing to a variety of effects.202  

Therefore, the dyes of the cell mixture were analyzed separately using dye-specific 

filters then overlaid (Figure 5-5), which proved capable of detecting both of the dyes.  

However, the microscope images were not completely resolved, which will interfere with 

the signal in detection of captured cells.   

D

E

C

BA

 
Figure 5-4.  Confocal images of cells captured in square capillaries at different 

volumetric flow rates. A) 1200 nL/min CEM; B) 600 nL/min CEM; C) 300 
nL/min CEM (arrow represents cells air-eluted onto microscope slide); D) 300 
nL/min Ramos (arrow represents cells air-eluted onto microscope slide); E) 
An air bubble dislodging cells. 
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Based on these results, confocal microscopy was used for the remainder of the 

studies unless otherwise noted to produce more resolved images.  The confocal 

microscope is capable of sequential laser illumination, which means each dye can be 

individually excited and detected without the need for changing filter cubes.  This ability 

proved essential since preliminary experiments with the confocal microscope also 

showed green-to-red bleedthrough issues with simultaneous excitation. 

 

Figure 5-5.  Simultaneous fluorescence microscopy imaging of cells in a square 
capillary stained with two different dyes. 

Cell Capture Performance 

  Two different groups of experiments were conducted in order to evaluate the 

performance of the device, and the results are summarized in Table 1.  In the first group 

of experiments, solutions of pure cell types, target (CEM) or control (Ramos), were 

introduced into separate capillaries to determine the extent of binding for each cell type.  

Initially, cell concentrations were kept approximately equal (Table 5-2, Experiment 1), 

leading to a 10 times higher retention of target cells than non-target cells.  Next, the 

concentration of control cells was increased to roughly double that of the target cells 

(Table 5-2, Experiment 2).  Even under these conditions, the number of target cells 

captured exceeded that of non-target cells by a factor of 4.7-27.  This experiment was 

performed in duplicate, and the wide range may be due to some flow variations (lower 

linear velocity) present in the capillary with the higher capture efficiency. 
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The second group of experiments was designed to more closely mimic the 

complexity of the physiological environment.  Prior to introduction into the device, target 

and control cells were first stained with DiI and DiO dyes, respectively, then mixed 

together for introduction into the same capillary device.  In these experiments, target 

cells were captured in numbers roughly 5 times more abundant than control cells (Table 

5-2, Experiment 3).  As a whole, these performance studies show that the device is 

capable of selectively capturing target cells.  This holds true when target cells are 

administered in lower concentrations than nontarget cells or even when the cell types 

are mixed. 

Table 5-2.  Performance of capillary system 
Experiment # Cell Type Relative Cell Concentration CEM/Ramos 

CEM 
1 Control Equal 10 

CEM 
2 Control 2X Control 4.7-27 

3 Mixed 2X CEM 4.2-6.5 
 

Square and Circular Capillary Cell Capture Comparison   

Additional studies were performed to directly compare the amount of target cells 

captured in square and circular diameter capillaries.  Under the same conditions, square 

capillaries retained 33% more cells than circular capillaries of similar diameters and 

lengths.  A possible explanation for these results is that the higher cross-sectional area 

of the square device will result in a lower linear velocity of the cells when compared to 

the circular capillary, consequently increasing cell capture as previously described.201 

Therefore, square capillaries of shorter length than circular capillaries of similar inner 

diameter can be utilized for cancer cell study, which correlates to decreased material 

consumption.  However, cell capture is merely a first step in the process of determining 
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cell immunophenotype and cell morphology; further information on captured tumor cells 

can be elucidated by in situ imaging analysis.   

Imaging Properties of Square and Round Capillaries 

A B

C D

 

Figure 5-6.  Imaging comparison of square and round capillaries. The top panels show 
CEM cells that were injected into either a circular ((A), 358 μm o.d./76 μm i.d., 
2×106 cells/mL) or square ((B) 359 μm o.d./74 μm i.d., 1×107 cells/mL) 
capillary, imaged using a fluorescence microscope. The lower panels display 
cells captured in either a circular (C) or square (D) capillary (6.4×105 cells/mL) 
imaged with a confocal microscope. 

An optimal device would allow for straightforward interfacing to the imaging 

instrumentation as well as properties which would minimize optical distortion and 

scatter.  The benefits of using square versus circular capillary geometry were 

demonstrated by imaging cells directly injected into square and circular capillaries of 

comparable diameter (Figures 5-6A-B) by fluorescence microscopy or by capturing 

target cells with the aptamer and imaging by confocal microscopy (Figures 5-6C-D).  

For both injection and capture, cells imaged in the square capillary are better resolved 

than those in the circular device regardless of the imaging system used. The improved 

resolution could have an immediate application in the area of bioimaging and 

bioanalysis, specifically cancer cell detection, where inability to resolve a single cell 

could result in a faulty diagnosis or indication of treatment progress. 
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Conclusions 

This work has presented proof-in-principle studies demonstrating that a simple 

square capillary device is useful for selective capture of cancer cells.  The system 

requires no complicated design or fabrication steps or clean room facility.  Furthermore, 

the inner walls of the capillary can be modified with capture probes using standard 

avidin/biotin chemistry, with the degree of immobilization controlled by varying the probe 

concentration.  The aptamer-coated square capillaries consistently captured more target 

cells than control cells, even when the cell lines were mixed prior to introduction, and 

the square capillaries retained significantly more cells than the circular geometry 

following a direct comparison.  Elution of cells retained in the capillary by a flowing air 

stream consistently eluted ~99.9% of cells.  Additionally, the square capillaries are 

superior to circular capillaries for imaging purposes.  This is a clear benefit for cancer 

cell detection, specifically for CTC analysis, since it is necessary to examine cell 

morphology and immunophenotype after cell capture.   

In summary, the use of a square capillary system for imaging captured cells 

provides a simple and cost-effective method for counting cell subpopulations.  These 

studies represent proof-in-principle work to validate the concept, yet do not reflect fully 

optimized conditions.  In the best case for the lowest flow rate utilized for administering 

the cell solutions, the capture ratios of target cells versus nontarget cells were high, but 

the overall capture efficiencies of CEM cells were low, only ~5%.  This is not practical 

for situations when low concentrations of cancer cells are present, or for prognostic 

applications that monitor patient progress as a function of blood cancer cell 

concentration.  Therefore, work described in Chapter 6 describes the optimization of the 

system, as well as application in detecting cancer cells present in human blood 
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samples.  The device is also applied to types of cancer that are not blood-borne, 

demonstrating the universal function of the system. 
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CHAPTER 6 
OPTIMIZATION AND APPLICATIONS OF SQUARE CAPILLARY DEVICE 

Introduction 

Proof-of-principle studies (Chapter 5) described the use of a simple aptamer-

coated square-capillary system to capture leukemia cells from a flowing suspension.  

Target cells were retained in greater quantity even when target CEM and nontarget 

Ramos cells were mixed together prior to separation.  The system retained CEM cells in 

higher numbers than Ramos cells due to the specificity of the sgc8 aptamer for the 

target cells.28  The square capillary used for cell separation also demonstrated 

enhanced imaging properties when compared to circular geometry capillaries of similar 

diameter. 

The work in Chapter 6 will focus on optimization of experimental parameters to 

improve the capture efficiency of the capillary device.  This was performed by varying 

the flow rate of the cell suspension through the device, which changes the linear 

velocity of the cells traveling through the system.  The effect of the flow rate of the buffer 

used to flush uncaptured cells from the device was also explored.  The capillary system 

was used to image CEM cells spiked into human blood for potential applications in 

cancer diagnostics. 

Since leukemia is a disease specifically affecting the blood, leukemia cells are 

found in relatively high concentration in the fluid.  Great interest lies in detecting cancer 

cells that are not normally present in the blood in high concentration in order to monitor 

treatment progress and correlate cancer cell levels with patient response or disease 

stage.  Therefore, conditions optimized for CEM capture were tested on two different 

adherent colon cancer cell lines representing Dukes' type C colorectal adenocarcinoma 
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(DLD-1) and colorectal carcinoma (HCT 116).  Aptamers demonstrating a high affinity 

for these colon cancer cell lines have recently been reported by this group.203  These 

aptamers were tested as cell affinity ligands in the capillary device to compare the 

capture efficiency of the system for tumorigenic cancers to that of blood-based cancers.  

The question of whether conditions optimized for one type of cancer cell line can be 

applied to another cancer cell line is also considered. 

Materials and Methods 

Cell Culture, Buffers, Aptamer Synthesis, and Device Construction 

CEM cell culture, buffers, sgc8 aptamer synthesis, and square capillary device 

construction were described in Chapter 5.  Buffers:  WB2- 4.5 g/L glucose and 5 mM 

MgCl2 in Dulbecco’s PBS with CaCl2; BB2- WB2 supplemented with yeast tRNA (0.1 

mg/mL) and BSA (1 mg/mL); red blood cell lysis buffer (LB)- 150 mM NH4Cl, 10 mM 

KHCO3, 0.1 mM EDTA in distilled H2O (pH 7.3) filtered with 0.45 μm filter (Nalgene); 

non-enzymatic buffer (NEB)- used as provided by MP Biomedicals; sgc8 sequence: 5′- 

FAM- ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GAT TTT 

TTT TTT-3′-biotin. 

Flow Rate Optimization 

Capillaries were cleaned and activated by manually adding 50 μL of 1 M NaOH, 

then rinsed with 50 μL of doubly-deionized water immediately prior to use.  Avidin (5 

mg/mL) was introduced at 1 μL/min for 3 minutes using a Micro4 syringe pump (World 

Precision Instruments, Inc.) and incubated for 15 minutes.  Excess avidin was removed 

with a manual wash of 50 μL of binding buffer.  Following this step, 10 μL of 50 μM sgc8 

was manually drawn into the capillary, incubated for 30 seconds, and rinsed with 50 μL 

of binding buffer.  To avoid cell settling, 1 mL of cell suspension was added to a dish 
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with a stir bar on a magnetic stir plate.  A small hole in the dish enabled capillary 

insertion into the cell solution, and cells (5×106 cells/mL) were withdrawn using the 

Micro4 syringe pump at either 500 nL/min, 100 nL/min, or 20 nL/min for 10 minutes.  

Nonbinding cells were rinsed from the capillary with three column volumes (~1.5 μL) of 

binding buffer via syringe pump at 500 nL/min.  Captured cells were quantified by 

manually introducing a stream of air into the capillary, collecting eluted cells in 10 μL of 

BB2, and finally determining cell concentration by adding the cell solution to a 

hemocytometer (Hausser Scientific).  Capture efficiency is reported as the number of 

cells captured divided by the total number of cells passing through the device. 

Optimization of Cell Washing Flow Rate 

The protocol for the flow rate optimization studies was followed using a 20 nL/min 

cell flow rate.  Two cell washing flow rates were compared, 200 nL/min and 500 nL/min, 

administering the same total wash volume (1.5 μL).  Cell capture concentration was 

quantified via hemocytometer by eluting the captured cells by flowing an air stream 

through the capillary into 10 μL BB2.  The amount of cells passing through the capillary 

uncaptured was quantified by hemocytometer by emptying the cellular contents of the 

Teflon tubing and syringe into 10 μL BB2.  Capture efficiency was reported as the 

number of cells captured divided by the total number of cells (captured cells added to 

cells passed through into tubing and syringe) from this point forward unless otherwise 

indicated. 

Detecting CEM Cells in Blood 

Cell staining 

CEM cells (1.7×106 cells) were diluted in 2 mL WB2.  CellTracker Green (2 μL; 

Invitrogen) was incubated with cells for 45 min at room temperature, according to 
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manufacturer’s instructions.  The cells were centrifuged at 970 rpm for 3 min to remove 

excess dye, resuspended in 1 mL WB2, and incubated for 30 min at 37°C.  The cell 

solution was centrifuged at 970 rpm for 3 min, and the supernatant liquid was discarded.  

The pellet was washed with 1 mL of BB2, centrifuged at 970 rpm for 3 min, then 

resuspended in 100 μL BB2.  This cell solution was kept on ice until needed. 

Removal of red blood cells 

Red blood cells were removed from human whole blood (Innovative Research) by 

separation by Ficoll-Paque (GE Healthcare).  Ficoll-Paque is a density gradient 

centrifugation medium that separates blood into 4 main layers: the top layer consists of 

the plasma, followed by the buffy coat, the Ficoll layer, and the red blood cells 

concentrated at the bottom of the tube.  The buffy coat contains the white blood cells 

and platelets, and is the layer collected and combined with the CEM cells in this 

experiment.  This red blood cell removal is essential so the high concentration of red 

blood cells do not clog the capillary. 

The Ficoll-Paque blood separation was carried out according to manufacturer’s 

instructions.  Briefly, 3 mL whole blood was slowly added to 3 mL Ficoll in a 15 mL 

centrifuge tube.  The layers were centrifuged at 1200 × g at 4°C with the rotor brake off.  

The buffy coat was removed and centrifuged at 1800 rpm for 5 min.  The supernatant 

liquid was discarded and the cells were washed with 3 mL PBS buffer.  The washed cell 

pellet was combined with 1 mL red blood cell lysis buffer (LB) and incubated for 15 min.  

The supernatant liquid was removed and the pellet was washed twice with WB2 (all 

centrifugations at 1800 rpm for 3 min).  The final pellet was resuspended in 3 mL BB2 to 

simulate the concentration of white blood cells in whole blood. 
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Cell capture 

The cell capture experiments were performed by spiking stained CEM cells into 

the white blood cell suspension at either 1×105 or 3×104 cells/mL.  The basic protocol 

described in the flow rate studies was followed, with a 20 nL/min cell introduction and 

500 nL/min washing flow rate.  The length of the capillary window was scanned, and 

fluorescent CEM cells were counted.  Total cell numbers were calculated by a simple 

proportion relating cells captured per length of window to entire capillary length. 

Colon Cancer Cell Culture 

Colorectal cancer cell lines DLD-1 (Dukes' type C colorectal adenocarcinoma) and 

HCT 116 (colorectal carcinoma) were purchased from American Type Cell Culture 

(ATCC).  DLD-1 cells were maintained in culture with RPMI-1640 containing 10% heat-

inactivated FBS (Invitrogen) and 100 IU/mL penicillin-streptomycin (Cellgro).  HCT 116 

cells were maintained in McCoy’s 5A culture medium containing 10% heat-inactivated 

FBS and 100 Units/mL penicillin-streptomycin.  All cultures were incubated at 37°C 

under a 5% CO2 atmosphere. 

Both cell lines were grown as an adherent monolayer in 100mm x 20mm culture 

dishes to >95% confluence. Cells were washed in the dish with WB2, dissociated by 

trypsin treatment (2 min) and seeded into culture dishes at low concentration.  Within 24 

hours of seeding (<40% confluence), cells were short-time trypsinized (30-45 sec) for 

capture and flow cytometry studies. 

Colon Cancer Aptamer Sequences 

KDED2a-3: TGC CCG CGA AAA CTG CTA TTA CGT GTG AGA GGA AAG  ATC 

ACG CGG GTT CGT GGA CAC GGT-biotin; KCHA10: ATC CAG AGT GAC GCA GCA 

GGG GAG GCG AGA GCG CAC AAT AAC GAT GGT TGG GAC CCA ACT GTT TGG 
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ACA CGG TGG CTT AGT-biotin.  Aptamer KDED2a-3 binds specifically to the DLD-1 

cell line, but demonstrated minimal binding to HCT 116, while aptamer KCHA10 binds 

similarly to both DLD-1 and HCT 116 cell lines.  Probes were synthesized and purified 

as described previously both with and without a 3’-poly(T)10 linker.   

Cell Capture of Colon Cells 

Testing efficiency of aptamers (without linker) for DLD-1 capture 

All steps through aptamer immobilization were the same as described in the flow 

rate optimization studies.  For cell administration, the cells were strained with 40 μM cell 

strainers (Becton, Dickinson and Company) immediately before addition to the capillary 

and were kept stirring throughout the entirety of testing.  These steps proved necessary 

due to cell aggregation and capillary clogging without their implementation.  The cell 

flow rate of 20 nL/min for 10 min and wash with 1500 μL BB2 at 500 nL/min remained 

the same.  Captured and unretained cells were counted for capture efficiency 

calculation. 

DLD-1 cell capture using aptamers with linker 

The binding of aptamers with the poly(T)10 linker were compared to those without 

the spacer by flow cytometry.  DLD-1 cells (200 μL) were removed from a 6.5×106 

cell/mL solution in BB2 and diluted to 500 μL.  Aliquots of 100 μL cells were added to 

each of 5 tubes.  Each tube (except 1 control tube) was incubated with 250 nM DNA 

(library, KDED2a-3 with and without poly(T)10 linker, and KCHA10 with linker) for 10 

min. The cells were centrifuged at 970 rpm for 3 min and washed with 1.5 mL WB2, 

incubated with 100 µL streptavidin-PE-cy5.5 (channel 3) at a final dilution of 1:400 stock 

solution for 10 min.  The cell solution was washed with 1500 µL WB2 and the cell pellet 

was resuspended in 150 µL WB2 for analysis by flow cytometry.  The cell capture 
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experiments were carried out using the same method as the experiments without the 

linker. 

DLD-1 cell capture at low concentration using aptamer KDED2a-3  

To increase the number of cells accessing the capillary, the cell capture protocol 

was modified to use a lower initial cell concentration (1×106 cells/mL) and a longer cell 

administration time (increased from 10 min to 20 min).  The remainder of the conditions, 

including cell straining, were the same as described previously. 

HCT 116 cell capture by aptamer KCHA10 

The low initial cell concentration (1×106 cells/mL), longer cell administration time 

(20 min) and cell straining technique were incorporated into the protocol described in 

the flow rate optimization section for HCT 116 cell capture by KCHA10 aptamer. 

HCT 116 cell capture in non-enzymatic buffer by aptamer KCHA10 

Avidin and probe immobilization was the same as described in the flow rate 

optimization section, but the protocol for cell administration was modified.  Immediately 

prior to introduction into the capillary, cells were concentrated to 2X (2×106 cells/mL) in 

BB2 by centrifugation at 970 rpm for 3 min.  The concentrated cells (500 μL) were then 

strained through a 40 μm cell strainer and combined with 450 μL non-enzymatic buffer 

and 100 μL FBS with continuous agitation throughout the experiment.  Flow cytometry 

of aptamer binding to the cells in non-enzymatic buffer was compared to the binding of 

cells without non-enzymatic buffer in the same manner as the “DLD-1 cell capture using 

aptamers with linker” section to confirm that aptamer binding was not affected. 

Microscopy and Image Analysis   

Accurate initial cell concentrations for cell lines were obtained before each 

experiment by adding the initial cell solution to a hemocytometer and imaging the device 
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with an Olympus FV500-IX81 confocal microscope.   The cells were counted by 

importing the images into ImageJ and manually counting cells from each cell line (if 

applicable).  Then the cell concentration was calculated in accordance with the 

manufacturer’s instructions.  The concentration of cells captured by the device was 

calculated in a similar manner; however, nine image sets were obtained, corresponding 

to all units of the hemocytometer grid.  For the cell staining in blood experiments, 

transmitted images, as well as those corresponding to green fluorescent target cells 

were obtained for each square unit of the hemocytometer grid to calculate the target 

and nontarget cell concentration in the flow through liquid.  Once the images were 

imported into ImageJ, stained target cells could be individually highlighted and overlaid 

on the transmitted image in order to count the number of target and nontarget cells 

passed through the device. 

Results and Discussion 

Optimization of Flow Rate 

The flow rate at which the cell solution is administered plays a major role in the 

efficiency of capturing cells.  The flow rate is directly proportional to the linear velocity of 

the fluid through the capillary, so lower linear velocities are the consequence of lower 

flow rates.  Cells in a fluid will have a higher probability of binding to the ligand at lower 

velocities because the contact time of the cells and ligands is higher.  Higher contact 

times increase the number of bonds formed during the collision (B*; equation 1-11), 

which results in a stronger interaction with the ligand. 

Thus, several volumetric flow rates were compared to increase the capture 

efficiency of the system in relation to the proof-of-principle studies where capture 

efficiency was only ~5% in the best case.   Figure 6-1 shows the increase in capture 
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efficiency from 0.36% at 500 nL/min flow rate, to 2.22% at intermediate flow rate, and 

92.22% at the lowest flow rate.  It is expected that the decreased velocity increases the 

collision duration time, which, in turn, increases the number of bonds formed during the 

collision.  
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Figure 6-1.  Comparison of volumetric flow rate to capture efficiency of cells. 

It is possible that lower flow rates may demonstrate higher capture efficiency, but 

the total volume and time limitations render further decreasing the flow rate 

unreasonable.  For example, under similar experimental conditions (10 min flow) a 5 

nL/min flow rate would only pass 50 nL of cell solution through the ~450 nL capillary.  It 

would take 40 min to pass the same volume of cells into the capillary as a 10 min 

administration of cells at 20 nL/min.  Therefore, the 20 nL/min flow rate was 

implemented into further studies. When the study using 20 nL/min flow rate was 

repeated in triplicate, a reproducible capture efficiency of 91.1 ± 3.5% was obtained. 

Optimization of Buffer Wash Flow Rate 

The next group of studies compared capture efficiency at two different washing 

flow rates to determine whether this step played a significant role in cell capture of this 
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system.  Cells administered at 20 nL/min flow rate were washed with 1500 nL buffer (~3 

column volumes) at either 500 nL/min or 200 nL/min.  Capture efficiency is compared in 

Figure 6-2 as a function of captured cells divided by the total number of cells passed 

through the device.  The capture efficiencies were 84.5% for the low flow rate, and 

83.2% for the high flow rate, demonstrating minimal difference.  The higher flow rate 

was utilized in future experiments because 1500 nL buffer is passed through the system 

in a shorter amount of time. 
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Figure 6-2.  Comparison of capture efficiency at two different cell washing flow rates. 
One capillary tested with a 200 nL/min washing flow rate was damaged 
during the experiment, which is why only one value is reported. 

Detection of CEM Cells in Blood 

To determine whether CEM cells could be detected in blood, red blood cells were 

removed from human whole blood and fluorescently-stained CEM cells were spiked into 

the white blood cell/platelet suspension at concentrations of either 1.02×105 or 3.00×104 

cells/mL.  At the higher concentration, capture efficiency of CEM was 77.2%, while at 

the lower concentration the efficiency dropped to 8.1% (Figure 6-3A).  Additionally, the 
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percentage of cancer cells in the flow through fluid dropped to 2.1% from an initial CEM 

concentration of 20.6% of the cell population at the higher CEM initial concentration.  

This demonstrates enrichment of the system for the target cells. 
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Figure 6-3.  Capture of CEM cells spiked in blood. A) Graphical representation of cell 
capture efficiency at different cell concentrations. B) Fluorescent images of 
cells captured in the square capillary. Each image represents ~1.3 mm 
capillary length. 

CEM cells retained in the capillaries were easily differentiated from nonspecifically 

bound blood cells due to the well-resolved fluorescent signal produced from the cell 

stain imaged in the square capillaries (Figure 6-3B).  Therefore, nonspecific binding was 

essentially irrelevant since cancerous and normal cells could be distinguished by 

monitoring fluorescent light.  While this is clearly not practical for patient samples, a 

labeling-after-capture method administering fluorescently-labeled aptamers to cells 

captured on the capillary wall would have a similar effect.  The CellSearch System relies 
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on a related concept, utilizing various stained antibodies to make a distinction between 

cancerous and normal blood cells.18 

Colon Cancer Aptamers (without Linker) for DLD-1 Capture 

The function of the system was also analyzed for cancer cells not typically found in 

high concentration in the blood.  A variety of aptamers have previously been selected by 

this group demonstrating binding to colorectal adenocarcinoma cancer cells (DLD-1 cell 

line) and/or HCT 116 colorectal carcinoma cell line.  Aptamer KDED2a-3 binds 

specifically to DLD-1 cell line (Kd= 29.2 nM) with minimal affinity for HCT 116, while 

aptamer KCHA10 binds to both DLD-1 and HCT 116 cell lines (Kd= 21.3 nM for HCT 

116).203   
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Figure 6-4.  Comparison of capture efficiency of colon cancer cell line DLD-1 with 
aptamers KDED2a-3 and KCHA10. 

Both aptamers (biotinylated but lacking poly(T)10 linkers) were assessed in terms 

of their capture efficiency for DLD-1 cells.  In initial studies, cells aggregated in large 

clumps, and were not able to pass through the capillary in significant numbers.  

Implementing a cell straining step followed by constant cell agitation helped to reduce, 
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but not entirely alleviate this concern.  Figure 6-4 shows that aptamer KDED2a-3 

demonstrated a higher capture efficiency and lower error than aptamer KCHA10.  The 

aptamers were then synthesized with poly(T)10 linkers to determine if the linker had an 

effect on capture efficiency.  

Colon Cancer Aptamers with poly(T)10 Linker for DLD-1 Capture 

The two aptamers were each synthesized with a 3’-biotin-poly(T)10 linker in order 

to provide greater aptamer flexibility for binding according to previous studies.93  These 

aptamers were tested for binding to DLD-1 cells by flow cytometry (Figure 6-5).  The 

results show that the aptamers with the linker still bind to the cells with a similar affinity 

to those lacking the linker. 

Cells

Library

2a-3 (no T10)

2a-3 (with T10)

A10 (with T10)

 

Figure 6-5.  Flow cytometry comparison of aptamers binding to DLD-1 with and without 
poly(T)10 linker. 

The aptamers with linker were then immobilized in the capillary device to asses 

their ability to capture DLD-1 cells.  Once again, aptamer KDED2a-3 demonstrated 

higher capture efficiency (83.6 ± 5.8%) than KCHA10 with much lower error associated 
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with the measurement (Figure 6-6).  The average of 2 measurements were higher for 

KDED2a-3 aptamer with 3’-poly(T)10 linker than without the linker, 83.2% versus 74.1%, 

but the measurements fell within the error of each other.  The capture efficiency was 

relatively high, but the low absolute number of cells passing through the device 

compared to the numbers expected indicates that cell aggregation may still be 

occurring. The large error associated with capture by KCHA10 may be because the 

KCHA10 aptamer was actually selected for HCT 116 instead of DLD-1.  This aptamer 

was also tested with HCT 116 cell line to determine if this trend continued. 
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Figure 6-6.  Capture efficiency of DLD-1 aptamers with 3’-poly(T)10 linker. 

HCT 116 Cell Capture by Aptamer KCHA10 in Non-enzymatic Buffer 

The initial cell concentration was reduced 5-fold and the cells were administered 

for a longer amount of time to discourage cell clumping and increase the amounts of 

cells passing through the device.  However, immediately after cell straining, the HCT 

116 cells aggregated, and minimal cells were captured in the capillary.  Thus, the cells 
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were diluted in non-enzymatic buffer (NEB) directly before capillary introduction to 

inhibit cell-cell interactions.  The binding of KDED2a-3 and KCHA10 with HCT 116 with 

non-enzymatic buffer or diluted with BB2 were compared in Figure 6-7.  KDED2a-3 has 

previously been shown to have a much lower affinity for HCT 116 cells than for DLD-1, 

as demonstrated by comparison of fluorescence intensity of Figure 6-7 and Figure 6-5.  

The binding of both aptamers to the cells was not affected by cell treatment with NEB, 

since cells found in NEB had a similar shift as those diluted in BB2. 

Cells in BB2
Cells in NEB
Lib in BB2
Lib in NEB
KDED2a-3 in BB2
KDED2a-3 in NEB
KCHA10 in BB2
KCHA10 in NEB

 
Figure 6-7.  Flow cytometric comparison of aptamer binding with HCT 116 cells diluted 

in BB2 or with non-enzymatic buffer (NEB). 

When the capillary system was tested with KCHA10/HCT 116 binding, three 

measurements resulted in an average capture efficiency of 97.2 ± 2.8% (Figure 6-8).  

This capture efficiency was higher than DLD-1 values, and even higher than CEM 

capture efficiency.  Also, the error in KCHA10 binding to HCT 116 was much lower than 

that of the probe binding DLD-1 cells.  However, the number of cells passing through 

the device compared to the number expected was minimal, as was the case with DLD-1 

cells.  This is likely due to aggregation effects of adherent cells clogging the capillary. 
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Figure 6-8.  Overall capture efficiency of colon cancer cell lines DLD-1 and HCT 116 in 
buffer. 

Conclusions 

The flow rate of the CEM cells through the capillary system was optimized to give 

improved capture efficiency over the proof-of-principle studies.  The capture efficiency in 

the proof-of-principle studies was only ~5% in the best case scenario, and after 

optimization the capture efficiency of CEM cells was raised to 91.1 ± 3.5%.  The flow 

rate of the buffer used to wash unbound cells from the capillary did not appear to 

appreciably change the capture efficiency at the flow rates tested.  A wider range of flow 

rates tested may have some effect, although the capture efficiency is already 

considerably high.  The capture efficiency is comparable and in some cases improved 

upon outcomes obtained for microfluidic devices reported in the literature, emphasizing 

the utility of simple capillary systems.92-94 

The device was also able to capture and detect leukemia cells in blood.  Cells 

were detected at both 1×105 and 3×104 cells/mL concentrations when red blood cells 
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were removed prior to introduction.  The CEM cells were stained and spiked into the 

blood, then counted by scanning for fluorescence along the capillary window.  A high-

impact study would be to try labeling-after-capture techniques to mimic more realistic 

conditions.  For example, CEM cells (unlabeled) would be spiked into the blood and 

captured in the capillary as before, but fluorescently-labeled aptamers are then flowed 

through the system, specifically binding to captured target cancer cells to facilitate 

fluorescent-imaging detection. 

Cancer cells which are not normally found in high concentration in the blood were 

also efficiently captured by the capillary system, even though the affinities for each cell 

line/aptamer pair were not as high as the CEM/sgc8 system.  Two colon cancer cell 

lines, DLD-1 and HCT 116 were captured by aptamers previously selected by this 

group.  DLD-1 cells were captured by aptamer KDED2a-3 at efficiencies of 83.6 ± 5.8%, 

and aptamer KCHA10 demonstrated capture efficiencies (HCT 116 cell line) of 97.2 ± 

2.8% in buffer. 

Despite the success of the capillaries in capturing cancer cells, the drawbacks 

must be considered for a complete assessment of capillary potential.  The major 

concern with a capillary will always be throughput.  Capillaries generally have microliter 

volumes, so when low flow rates are used for cell capture only a very small sample 

volume is examined.  This property limits samples to those in which target cells are 

found in high concentration, or in which a preconcentration step is performed.  This is 

not a step unique to capillaries, as even the commercialized CellSearch Assay requires 

sample pretreatment.18  Capillaries can also be multiplexed to increase throughput and 
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introduce diverse capture ligands to the sample.95  Another challenge is the relative 

ease in breaking the tubes once the coating is removed for imaging purposes. 

One problem specific to the colon cancer studies was that much lower amounts of 

cells were passed through the device than would be expected based on initial cell 

concentration and introduction time.  Two possible explanations for this phenomenon 

both result in clogging of the capillary; cell aggregation and increased cell diameter.  

Adherent cells are known to interact with one another to form clumps containing many 

cells.204  This effect was observed by imaging the cell solution prior to introduction into 

the capillary.  A cell straining step preceding cell introduction increased the numbers of 

cells passing through the capillary, but the numbers still were not as high as would be 

expected based on the initial cell concentration (~15%).  The CEM cells were passed 

through the device in much higher numbers, sometimes greater than 100%, which 

suggests this is a problem with DLD-1 and HCT 116 cell integration, not the system 

itself.  Even though the cells are strained, upon constriction in the reduced diameter of 

the capillary, the cells are forced into closer contact with one another, possibly resulting 

in aggregation inside the device.  Also, the DLD-1 cells are visually much larger than the 

~9 μm diameter of CEM cells, and actually appear larger than the HCT 116 cells, which 

have a reported average diameter of 12 μm.205, 206  No concrete measurement of DLD-1 

cell diameter is available, but if the dimensions are ~20 μm, only 4 cells in width could 

block one dimension of the capillary tube.  To ease this concern, square or rectangular 

capillaries of larger dimensions could be implemented (standard square tubing is 

available from PolyMicro Technologies up to 200 μm × 200 μm dimensions).  

Rectangular tubes are particularly attractive because capillaries only slightly larger than 
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the cells in height would increase the probability of the cell contacting the immobilized 

ligands, yet the increased width would prevent cell clogging. 

In summary, the aptamer-based capillary device was able to capture leukemia and 

colon cancer cells in buffer in numbers comparable to literature values for standard 

microfluidic devices, with a system much simpler in design, fabrication, and function.  

The conditions optimized for a high capture efficiency of CEM cells were also applicable 

to two different colon cancer cell lines.  In addition, the capillary system could detect 

stained leukemia cells which were spiked into human blood by scanning the length of 

the capillary for fluorescent cells.  This aptamer-immobilized device has demonstrated 

many attributes which may promote its use as a technique for efficient cancer cell 

detection. 
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CHAPTER 7 
SUMMARY AND FUTURE WORK 

Summary 

Aptamers have proven versatile in application since the original successes of the 

concept in 1990.  A multitude of analytical and therapeutic uses of aptamers have been 

reported, and the number of aptamer-based drugs progressing through clinical trials 

implies this trend will continue.  In this dissertation, novel methods were combined to 

produce the first known aptamer antidote for a currently-existing pharmaceutical drug, 

and an aptamer-immobilized capillary provided a simple yet highly efficient means for 

selectively detecting cancer cells. 

In the drug-SELEX project, the peptide anticoagulant bivalirudin was immobilized 

on a monolithic disk stationary phase, and binding sequences were collecting using a 

high salt gradient in conjunction with LPC.  Fractions of eluted DNA were collected, and 

the amount of sequences eluted from the drug-immobilized disk was compared to that 

of a blank disk via qPCR.  The basic assumption was that more DNA binding to the 

drug-containing disk would indicate that at least some fraction of the sequences were 

specifically binding to the drug instead of solely to the stationary phase matrix.  After 

only 2 rounds, an AlphaScreen assay was performed to select the highest-affinity pool 

for sequencing.  Six of the aptamer candidates tested demonstrated binding to the 

target, and 2 of the sequences characterized by FA generated Kd values in the low 

micromolar range, while control sequences displayed Kd values at least 20-fold higher.  

The antidote potential of aptamer JPB5 was evaluated, establishing a dose-dependent 

decrease in anticoagulant activity, with a concentration of 20 μM effectively reversing 

the anticoagulant effect.  A DNA microarray was developed to truncate the sequence to 
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<40-mer while still retaining binding activity, resulting in abbreviated JPB5 31-mer and 

JPB2 21-mer candidates.  The conclusion from this project is that DNA aptamers can 

serve as therapeutic antidotes to pharmaceutical drugs.  

The sgc8 aptamer specifically binding to CEM leukemia cells was evaluated in 

proof-of-principle studies to act as a capillary affinity chromatography stationary phase 

ligand.  The amount of aptamer immobilized on the inner wall of the square capillary 

could be controlled by varying the concentration of sgc8 administered.  Target cells 

were captured in higher amounts than nontarget Ramos cells even when the cell lines 

were mixed prior to introduction into the capillary.  Additionally, square capillaries 

provided imaging properties superior to standard circular diameter capillaries, an 

important characteristic for detecting cancer cells.  When the flow rate of cell 

introduction was optimized, the capture efficiency of the system was raised from ~5% to 

>90%, enabling detection of CEM cells in human blood.  Two colon cancer cell lines and 

aptamers were incorporated into the system using the optimized CEM flow rates, and 

the colon cancer cells also demonstrated high capture efficiency.  This system was 

much simpler in design, fabrication, and application than standard microfluidic devices, 

yet provided similar capture efficiencies.  Thus, aptamers can function as a highly-

specific stationary phase for cancer cell detection. 

Future Work 

Aptamer Antidote Project 

The Kd values for this experiment were obtained by labeling the target and 

measuring the anisotropy as increasing amounts of aptamer was titrated into the 

solution.  However, label-free detection methods are highly desirable for this purpose 

because labeling aptamer or target may change the binding properties of the system.  
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Therefore, comparing the FA Kd values to those obtained from a label-free method such 

as ITC may have great significance.  Ideally, the affinities and antidote activity of all 

aptamers would be reported, and crystallography studies of the aptamer/bivalirudin 

structures would be beneficial as well. 

One effect that was observed but not discussed is related to the effect of Ca2+ on 

aptamer binding.  When Kd studies were carried out in buffer that contained calcium, the 

anisotropy demonstrated a time-dependent increase followed by a plateau.  We 

hypothesize that the time-dependence is related to the higher affinity of Ca2+ for DNA 

than Mg2+.207  The Mg2+ competes with the Ca2+ over time, resulting in a more flexible 

DNA structure capable of increased target binding.208  Studying this effect could provide 

important insights into the role of metal ion binding for the aptamers studied.  However, 

it is important to note that experiments in vivo may not show this effect due to the 

complex internal environment balancing the process more than the closed buffer 

system.   

Ongoing work includes study of the truncated sequences for antidote activity using 

the buffer screening assay.  Also of interest is PEGylating the truncated and full-length 

aptamers to determine whether this can decrease nuclease degradation in both plasma 

and in vivo models.  Incorporating modified bases such as LNA into the aptamer 

structure could be carried out with the same goal.  Currently, this project is in the 

approval stage for small-scale in vivo animal studies.  The results of these experiments 

will be a main factor in determining the ultimate future of the selected aptamers. 

Cell Affinity Project 

Interesting studies for this project would be to examine the effect of different 

capillary internal diameters on the capture efficiency of the system.  Increasing the 
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cross-sectional area of the tubes will decrease the effective linear velocity of the cells 

traveling through the system.  This will likely result in higher capture efficiencies for 

larger diameter tubes, and may also allow for higher volumetric flow rates implemented 

into the system (increased throughput).  As discussed earlier, experiments performed in 

rectangular tubes may be beneficial for increasing capture efficiency and decreasing 

capillary clogging of adherent cell lines by increasing cell/ligand interactions in one 

dimension yet maintaining an increased width for cell passage. 

Other valuable studies would be to compare the capture efficiencies obtained with 

a pulsed flow to those of continuous flow.  In theory, pulsed flow would allow cell 

receptors an increased contact time with the aptamers, increasing the amount of 

cell/ligand bonds formed.  Higher throughput may be possible using this technique since 

increased flow rates could be implemented to fill the capillary at each pulse. 

A pretreatment step using magnetic EpCAM-coated beads (similar to the 

CellSearch pretreatment)18 compared to the Ficoll-Paque enrichment step for whole 

blood samples would be a study of interest.  Also of importance is study of a technique 

to discriminate between cancerous and noncancerous cells captured from blood. The 

method in this work involved prestaining cancer cells and spiking them into blood 

samples, clearly not applicable to real patient samples.  One possible method to 

generate a similar effect would be to implement a label-after-capture step in which 

fluorescently-labeled aptamers are introduced to selectively bind cancer cells captured 

on the capillary walls.  The length of the capillary could be imaged to count only the 

fluorescent cells, effectively eliminating concerns of nonspecific binding.   
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