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Abstract 

SELEX is the process used to generate aptamers, which are ssDNA or RNA 

molecules that can bind specific targets with high affinity. Although aptamers 

show great potential in clinical applications, the generation process is currently 

tedious and inefficient, being a limiting step. Thus, understanding, developing, 

and applying advanced partitioning platform are pivotal. CE is an advanced 

separation method in SELEX and has been successfully used to generate 

aptamers toward multiple targets. However, there are still interesting questions 

unanswered, making our understanding in CE-SELEX lag behind its applications. 

We applied high-throughput sequencing on CE-SELEX selected pools against 

rhVEGF and obtained sequencing information of more than 104 sequences per 

pool, which allowed characterization on diversity of individual pools. This study 

revealed the coexistence of high diversity and fast enrichment rate of CE-SELEX. 

To further improve the separation platform, we integrated a μFFE device into the 

SELEX process. Using this device, 1014~1015 sequences were introduced and 

analyzed within 30 min, which was a 370 fold improvement compared to CE. As 

a proof of concept, four cycles of selection were performed to the target human 

IgE, and high affinity ligands were generated even after the first round of 

selection, proving the feasibility and high efficiency of μFFE in SELEX. Later, 

μFFE-SELEX was applied to generate aptamers for a membrane protein SERCA, 

whose selection has never been achieved in conventional SELEX due to the 

technical difficulty in target immobilization. High nM Kd pool was generated 

toward SERCA solubilized in C12E8 at the fifth round of selection, demonstrating 
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that this separation strategy is more compatible with membrane proteins due to 

the free solution based separation, lower electric field, faster separation speed, 

and straightforward fraction collection. The success of this application opens a 

door for high-throughput generation of aptamers toward complex targets in the 

future. Besides SELEX, the function and activity of the ATPase SERCA were 

also explored in this thesis. It was discovered that nonspecific ssDNA sequences 

can bind to the endogenous regulator of SERCA, PLN, in a length dependent 

way. A highly sensitive and reproducible SERCA activity assay, which cut the 

use of SERCA by 2,000 folds, was developed to directly detect the product ADP 

via TR-FRET.    
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1.1 Traditional SELEX and CE-SELEX on Generating Aptamers 

1.1.1 Aptamers 

Since the discovery of RNA molecules participating in the catalysis of living 

cells in 1970s,1 various biochemical functions of nucleic acids have been 

identified beyond the commonly identified genetic storage and transfer.2 Based 

on different functions, naturally occurring and artificially selected nucleic acids 

can be categorized into ribozymes/deoxyribozymes, allosteric ribozymes, 

riboswitches, and aptamers. Aptamers are in vitro selected single stranded DNA 

or RNA molecules that fold into unique structures to promote selective and  high-

affinity interactions with specific target molecules.3  

Aptamers have been selected for a wide range of targets, from small molecules 

such as ions,4, 5 amino acids,6-8 antibiotics,9-11 and biological cofactors,12, 13 to 

large targets such as proteins,14, 15 and even complex targets such as 

organelles16 and cells.17-21Aptamers have many advantages over antibodies. 

Aptamers are produced via an in vitro process without using animals; binding is 

through adaptive recognition rather than strict paratope-to-epitope recognition; 

aptamers can work under any conditions they are isolated, not limited by 

physiological conditions; synthesis is straightforward without batch-to-batch 

difference; labeling is controllably at specific location so losing affinity is less of a 

concern. It is not surprising that applications of aptamers have grown rapidly into 

numerous areas of research. To name a few, sample purification in affinity 

chromatography22-24 and microfluidic devices; quantification of targets in affinity 
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CE;25, 26 high sensitivity detection of compound in complex matrixes in 

biosensors;27, 28 “aptamer beacons”28, 29 and aptamer arrays30 in clinical 

diagnostics;31, 32 Macugen,33 ARC1779,34 and other aptamer-based drugs,35 are 

in market or in clinical phases for treating age-related macular degeneration 

(AMD), acute Myeloid Leukemia (AML), and other diseases. 

1.1.2 SELEX 

The in vitro process to generate aptamers is commonly referred to as 

Systematic Evolution of Ligands by EXponential enrichment (SELEX).36, 37 The 

starting ssDNA or RNA library consists of 1013 to 1015 sequences that are 

completely random except for the flanking primer binding regions. As shown in 

Figure 1.1, after incubation with the target of interest, the mixture is subjected to 

separation. The bound sequences are then collected for PCR amplification, 

followed by purification to obtain the desired single stranded product for the next 

round of selection. Iterative rounds alternating between affinity enrichment of 

binding sequences and PCR amplification are performed, and the affinity of each 

generated pool is evaluated to monitor the selection process. Ideally, aptamers 

with low nM to high pM dissociation constants (Kd) can be selected. 

Since the birth of SELEX, people have been working on advancing this 

technology. Great effort has been spent on improving isolation efficiency, or 

reducing the selection cycles to speed up aptamer generation, although attention 

has also been paid to improving bio-stability and affinity of aptamers as 

evidenced by the L-isomer aptamers, or spiegelmers,38 and low pM affinity apta- 
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Figure 1.1 Schematic of SELEX process. 

mers generated by PhotoSELEX.39 Nitrocellulose membrane has been well 

accepted to perform isolation ever since Tuerk and Gold demonstrated its 

success in obtaining an RNA aptamer for T4 DNA polymerase.37 However, the 

selection involves tedious processes consisted of target immobilization, 

incubation with nucleic acid library, rinse off non-binders, and elution of binders. 

Negative selections are needed to get rid of non-specific binders to the 

membrane; elution of tight binders is kinetically unfavorable; and not all target 

molecules are adsorbed onto membrane although most proteins are. 

Modifications to the partitioning method have been made to avoid the selection 

biases and eliminate the disadvantages, such as centrifugation,40 magnetic 
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beads,41 flow cytometry,42 and surface plasmon resonance.43 But none of them 

can accomplish all at one step. There are only ~150 targets44 against which 

aptamers have been selected in the past two decades, mainly because 

selections are slow and labor intensive. 

1.1.3 CE-SELEX 

Capillary Electrophoresis (CE) is a well-developed and very powerful 

separation technique widely applied in Chemistry and Biology. As shown in 

Figure 1.2 (A), a capillary with i.d. of 20 μm~100 μm and length of 10 cm~75 cm 

is first conditioned with separation electrolyte, followed by injection of sample of 

several nL. The capillary ends and electrodes are then placed into the same vials 

containing the separation electrolyte. Upon applying high voltage, analytes are 

separated based on the electrophoretic mobility (μ), which is determined in 

Equation 1.1: 

                                               hπηR6

z
=μ                                         Equation 1.1 

where z is the net charge of the analyte, η is the viscosity of the medium, and Rh 

is the hydrodynamic radius. For an uncoated silica capillary, the silanol groups 

(Si-OH) on the interior surface are ionized to silanoate groups (Si-O-) in neutral or 

basic electrolyte, which causes the formation of a diffuse double layer. When 

high voltage is applied across the capillary, the solvated cations in the mobile 

layer drag the bulk electrolyte solution moving towards the cathode to form 

electroosmotic flow (EOF). In a CE separation, the apparent mobility of an 

analyte is the result of combined actions from both EOF and electrophoretic 
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mobility. ssDNA molecules are highly negatively charged, which makes their 

electrophoretic mobility opposite from the EOF, and thus a very small apparent 

mobility. This property is significantly different from most targets, whose 

electrophoretic mobilities are most often much smaller than that of ssDNA, 

leading to larger apparent mobilities. As a result, bound ssDNA molecules gain 

substantial mobility shift due to an obvious increase in size and less obvious 

change in charge. The ssDNA-target complexes migrate faster than the unbound 

ssDNA molecules as shown in Figure 1.2 (B). 

Capillary electrophoresis-based selections (CE-SELEX) address many 

common issues encountered in traditional selections.45-48 Selections are 

performed in free solution, eliminating complicated target immobilization 

strategies. Isolation is now reduced to two steps: incubation and separation. The 

free solution separation also reduces the opportunities for non-specific 

interactions which are common when sieving materials are involved. Most 

importantly, the high resolving power of CE increases the rate of enrichment and 

allows high affinity aptamers to be obtained in 2~4 rounds of selection, compared 

to 8~15 rounds in traditional SELEX. CE-SELEX has been successfully used to 

generate aptamers for over a dozen of protein and peptide targets.49-54 

1.2 Microfluidic Devices in SELEX 

1.2.1 Automation of SELEX 

Laboratory automation is of revolutionary importance to biotechnology. A well- 

known example is the high-throughput sequencing technology in commercializing  
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Figure 1.2 Schematics of (A) CE instrumental setup, and (B) CE separation of unbound 
ssDNA molecules (colored) and ssDNA-target complex molecules (grey). 

human whole genome sequencing.55-62 Automating SELEX is also of great 

interest for the rapid generation of aptamers. Unlike modifications on partitioning 

methods that aim at improving the separation efficiency to cut down selection 

cycles, automation targets at faster turnaround within one cycle in order to 

reduce the overall selection time. 

Cox et al. first automated the selection procedure on a Beckman Biomek 2000 

pipetting worksurface.63 Pipette tip arrays and four devices, which included a 
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magnetic bead separator, a Dynal MPC-auto96 to perform isolation, a PCR 

thermal cycler, and a Peltier cooler for enzyme storage, were integrated on a 

platform on which the robot can transport liquid. RNA aptamers were generated 

toward a (dT)25 oligonucleotide target after five rounds of selection. The overall 

time needed for one cycle of selection was reduced to 212 min, which allowed 

the selection to be finished within two days. Using slightly modified robotic 

pipetting worksurface, high affinity aptamers were later selected against protein 

targets, including lysozyme,64 CYT-18, MEK1, and Rho.65 

Automation not only speeds up the turnover rate of selection, but also holds 

many other important advantages. The lack of manual intervention avoids error in 

human manipulation and improves consistency; the robotic workface is easier to 

avoid contamination in sample handling and PCR process; optimization of 

incubation and PCR conditions and possibly simultaneous selections against 

different targets are achievable through this high-throughput format. 

Later improvement of this technology has been demonstrated in a study 

isolating a spiegelmer aptamer toward L-substance P with mid-nanomolar Kd.
66 A 

RoboAmp 4200 E robotic configuration was utilized to allow online monitoring of 

the PCR process and more parameters to be adjusted, such as incubation time 

and separation stringency. Besides this study, however, there was little further 

progress on realizing the potential high-throughput generation of aptamers 

towards a proteome. This fact is mainly because a robotic platform only facilitates 

pipetting high-throughput without tackling the complexity in molecular biology. 

Despite the success of improved turnover rate, it is difficult to keep track of the 
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separation process, product purity after PCR, or yield after purification. It is only 

the success in each step and each round that will lead to a higher chance of 

getting aptamers. Thus, beyond rapid liquid transfer, the functionality, versatility, 

and flexibility of an automated system are crucial in order to achieve high-

throughput SELEX. 

1.2.2 Microfluidic SELEX 

As appeared in the name, microfluidics precisely manipulate fluid for 

multifarious purposes with feature designs on sub-millimeter to micrometer scale, 

at least in one dimension. The concept of micro total analysis systems (μTAS) 

was introduced by Manz in 1990, predicting a faster separation, a dramatic 

reduction of sample and reagent, and the potential to perform multiple 

measurements simultaneously if miniaturizing chromatography or capillary 

electrophoresis.67 During the past 20 years, rapid growth in the field of μTAS has 

been made by integrating multiple processes into miniaturized devices. More and 

more tasks that used to be fulfilled on bench top are now moved to microfluidics 

for the sake of cost, speed, and automation.68-74 

The first automated microfluidic assembly for SELEX was built by connecting 

functional parts with actuatable valves and microlines.75 One DNA aptamer 

against lysozyme, which was previously identified via manual SELEX, was 

successfully isolated on this platform. Rather than pipetting robots, this 

microfluidic assembly used pressure gradient to load and move samples through 

certain reaction loops for specific molecular biology processes. Compared to the 
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“macro” apparatus, this smaller grafted-microfluidic platform was called a “meso” 

structure before the advent of the self-contained microfabricated SELEX chip. 

Although great progress has been made toward moving PCR from thermal 

cyclers to microfluidic chips in the past years,76 it is still at the beginning stage for 

efficient separation and collection of bound aptamers from the unbound. The 

pioneering design for isolation is a sol-gel microfluidic device.77, 78 By screening 

100,000 formulations, the sol-gel was optimized to be an excellent sieving matrix 

for aptamer separation.79 The nanoporous structure encapsulated large protein 

molecules and allowed smaller nucleic acid molecules to diffuse through. The 

optimized sol-gel improved the resistance of protein to chemical and heat 

denaturation, and also had very low background binding to nucleic acid 

molecules. Five protein-imbedded sol-gel micro-droplets with a volume of 7 nL 

were patterned on top of individual aluminum electrical heaters in a glass-PDMS 

microfluidic device as shown in Figure 1.3 (A).78 Binders were collected after 

incubation and non-binders were rinsed off, by heating specific micro-droplet.  

Aptamers toward yTBP and yTFIIB were selected with nanomolar affinities.77, 78 

By scaling down to micro dimension, the volume for incubation was 0.22 μL, 

reducing the aptamer diffusion time to several ms. Also, the ratio of washing 

volume to binding volume was improved by 500 fold compared to conventional 

filter SELEX, which improved the separation efficiency and enrichment rate. 6 

cycles of selection were performed to converge the pool to the best binders, 

compared with 11 cycles of positive selection and 3 cycles of negative selection 

by conventional SELEX.80 Recently, a modification to this microfluidic device was 
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reported with a key component of a pneumatically-driven PDMS diaphragm valve 

included.81 This valve eliminated cross-contamination of the five sol-gel reaction 

chamber, and the elution process was computationally and experimentally 

optimized, thus making it one step closer to a multiplex SELEX platform. 

 

Figure 1.3 (A) Schematic of a sol-gel-based microfluidic device. S1 to S5 represent five 
sol-gel micro-droplets with targets encapsulated. Reprinted with permission from Park et 
al. 2009 Lab on a Chip. Copyright the Royal Society of Chemistry 2009. (B) Photograph 
of the MMS microfluidic device. The micro-channel is 12 mm in width and 25 μm in depth. 
10 μm nickel strips were patterned on the device with decreasing grid pitch from 200 μm 
on the left to 100 μm in the middle to 50 μm on the right. Reprinted with permission from 
Qian et al. 2009 Analytical Chemistry. Copyright 2009 American Chemical Society. 

Another thriving development of microfluidics in aptamer separation involves 

using micromagnetic beads. Although magnetic beads lag far behind other 

separation techniques on bench top due to the delicate manipulation and low 

separation efficiency,82, 83 it gains popularity in SELEX when combined with 

microfluidics. The first continuous-flow magnetic activated chip-based separation 

(CMACS) device employed the multiple laminar flow architecture and well-

designed imbedded Ni strips.84 The multiple laminar flow architecture prevented 

the sample from mixing with the buffer, and the Ni strips guided the magnetic 

beads to a defined route to be separately collected when a highly reproducible 

magnetic gradient was generated at the interface of Ni strips and buffer solution. 
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Later this design was replaced with the micromagnetic separation (MMS) chip, in 

which Ni grids (Figure 1.3 (B)) rather than Ni strips were used.85 In this design, 

magnetic beads were trapped on the Ni grids when external magnetic field was 

applied. Meanwhile the free nucleic acids or week binders were rinsed off the 

device with controlled buffer composition, flow rate, and time. The binders were 

later collected when external magnetic field was withdrawn. The elimination of 

specifically defined route for collecting magnetic beads made this device more 

robust than the previous design, as air bubbles or magnetic beads aggregation 

was not a concern. This improved MMS device had excellent beads recovery and 

separation efficiency was comparable to CE. Recently, this MMS device was 

successfully applied to phage selection,86 the discovery of aptamers for thrombin 

and platelet derived growth factor B (PDGF-BB),87 and the invention of Volume 

Dilution Challenge-Microfluidic SELEX (VDC-MSELEX).88  

1.2.3 Micro Free Flow Electrophoresis (μFFE) 

Free flow electrophoresis (FFE) is a continuous separation technique that was 

introduced in 1960’s,89, 90 and later commercialized in zonal electrophoresis (ZE) 

and Isoelectric focusing (IEF) modes as a preparative step for many proteomics91 

and cell experiments.92 FFE is characteristic in that the separation occurs 

perpendicularly to the flow direction. As demonstrated in Figure 1.4 (A), a thin 

layer of pressure driven buffer flow is introduced into the device, which moves 

the analytes down along the chip. Meanwhile, an orthogonal electric field is 

applied, which triggers the separation of analytes into different sample streams. 
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Finally the analytes are fractionated into different collection vials at the exit, from 

which the sample complexity was reduced for further analysis. 

Similar to magnetic beads discussed earlier, the application of FFE to sample 

preparation has been relatively slow due to the low separation efficiency. The 

reasons include: (i) convective mixing of separation buffer resulting from Joule 

heating due to the large cross-sectional area, (ii) hydrodynamic broadening gen- 

 

Figure 1.4 (A) An illustration of the separation mechanism of Free Flow Electrophoresis. 
(B) Schematic of a μFFE device showing the buffer inlet (1), sample inlet (2), fraction 
collection outlets (3), and electrode channels (4). The dimension of the separation 
channel is 2.5 cm×1cm×20 μm. The depth of the electrode channels is 100 μm. The blue 
line denotes the detection zone where the laser line is expanded across the separation 
channel. 
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erated from the laminar flow due to different residence time of analytes, and (iii) 

electrodynamic distortion broadening as EOF is generated in a closed system.93 

The first micro FFE (μFFE) device made of silicon came into the world in 

1994,94 and the miniaturized chip showed significant improvement as the Joule 

heating was dramatically reduced. Later improvement in fabrication allowed a 

whole glass μFFE device to be anodically bonded, on which an electric field as 

high as 283 V/cm can be applied.95 Online detection was readily compatible in 

μFFE, and the volume of buffer needed to perform separation was reduced from 

several L to mL. A challenge in the μFFE device is that electrolysis bubbles enter 

the separation channel, disrupting the separation. Inspired by the membrane 

spacers used in FFE, researchers employed side channel arrays in μFFE to 

separate the separation and electrode channels.94-97 However, these long and 

narrow barriers possessed significant electrical resistance, and allowed only a 

very small portion of the electric field to be applied across the separation channel. 

Fonslow et al. replaced the physical barriers with a multiple-channel-depth 

design (Figure 1.4 (B)).98 As predicted by lubrication theory, the linear flow rate (v) 

is proportional to the squared channel depth (H): 

                                                      ηL 12

PH∆
=v

2

                                         Equation 1.2 

where ∆P is pressure difference, η is viscosity, and L is the channel length. The 

authors used a ~20 µm separation channel and ~80 µm electrode channels. A 4-

fold increase in the electrode channel depth resulted in a 16-fold increase in the 

linear velocity, which allowed bubbles to be effectively removed before they 
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entered the separation channel. This multiple-channel-depth design also reduced 

electrical resistance in the electrode channels, so that 91% of the applied voltage 

was on the separation channel. 

1.3 Determination of Binding Affinity 

1.3.1 Binding Isotherm 

One important yet less mentioned procedure in SELEX is to understand the 

interactions between nucleic acid aptamers and their targets. It is crucial in 

monitoring the SELEX process and characterizing aptamer affinity. It also helps 

clarify binding mechanisms and improve rational design of aptamer structure. 

Although it is desired to have a comprehensive and detailed study of molecular 

recognition properties,99 mapping of aptamer and target binding regions,100 and 

kinetic studies of induced conformational changes of aptamers and/or targets 

upon binding,10 it is fundamental and of great interest to first characterize the 

binding constant. 

A simple binding equilibrium with a 1:1 stoichiometry is described by: 

                                                      C↔T+A                                         Equation 1.3 

in which A is the aptamer, T is the target, and C is the aptamer-target complex. 

The equilibrium can be described using either a dissociation constant Kd 

(Equation 1.4), or association constant Ka (Equation 1.5). 

                                                   [C]

[A][T]
=Kd                                           Equation 1.4 
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                                                 [A][T]

[C]
=

K

1
=K

d
a                                   Equation 1.5 

The most common strategy for measuring Kd or Ka is to titrate a constant 

concentration of one ligand with an increasing concentration of the other. For 

example, if the initial aptamer concentration remains constant, then the fraction 

of bound aptamer (fa) is given by: 

                                                      [T]+K

[T]
=f

d
a                                      Equation 1.6 

Equation 1.6 takes the general form of a rectangular hyperbola in the first 

quadrant with one asymptote of fa equaling 1. Kd can be estimated directly from 

this binding curve using a nonlinear regression analysis. Although many 

equations have been introduced in various techniques, all are essentially variant 

forms of Equation 1.6. A semilogarithmic plot of fa against log[T] is able to 

present data over three to six orders of magnitude of target concentration and Kd 

is easily estimated as the target concentration at half maximum binding fraction. 

Linear forms of the rectangular hyperbola, such as the double reciprocal plot 

(Equation 1.7), y reciprocal plot (Equation 1.8), and x reciprocal plot (Equation 

1.9) are also useful for estimating Kd using linear regressions. 

                                                  
1+

[T]

1
K=

f

1
d

a
                                     Equation 1.7 

                                                    
d

a

K+[T]=
f

[T]
                                      Equation 1.8 

                                                 d
a

d

a

K

1
+f

K

1
=

[T]

f
                                  Equation 1.9 
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Although Equation 1.7 to 1.9 are mathematically equivalent, each equation 

transforms error differently, affecting Kd as well as the confidence in the estimate. 

Detailed discussions can be found in Kenneth Connor’s book101 and other 

articles.102, 103 Generally speaking, rectangular hyperbola, semi-logarithmic plot, 

and the x reciprocal plot (also known as the Scatchard plot) are used most 

frequently. There are advantages and disadvantages associated with each 

approach and it is recommended to perform data analysis using at least two 

methods to compare the obtained Kd values. It is also recommended to collect 

data across the binding fraction range of 0.2~0.8.103, 104 Plots made without data 

points in this range often give rise to large errors in Kd estimation.105 

Direct nonlinear fitting using Equation 1.6 assumes that the concentration of 

aptamer is significantly smaller than Kd so that the free target concentration [T] at 

equilibrium does not change significantly compared with the total target 

concentration [T]t. Figure 1.5 illustrates simulated plots for an RNA aptamer (Kd = 

10-8 M) titrated with a broad concentration range of protein.106 The binding curves 

are not affected by RNA concentration when below the value of Kd (i.e., [RNA] = 

10-10 M or 10-9 M), and the Kd can be estimated as the protein concentration at 

FB=0.5. When the RNA concentration approaches or exceeds Kd (10-8 M), the 

curve shifts and Kd can no longer be estimated directly from the plot since the 

abscissa is no longer representative of free protein concentration. Here the 

complex concentration should be accurately represented by replacing fa with 

[C]/[A]t, and [T] with [T]t – [C] in Equation 1.6. The accurate expression of free 
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target concentration [T] is now shown in Equation 1.10, and now Equation 1.6 is 

modified as Equation 1.11. 

))[T]4[A])K+[T]+(([A]K+[T]+0.5([A][T]=[T] 0.5
tt

2
dttdttt    Equation 1.10 

))))[T]4[A])K+[T]+(([A]K+[T]+0.5([A]/([T](K+1

1
=f

0.5
tt

2
dttdtttd

a     Equation 1.11 

Although Equation 1.11 is much more complicated, it gives a more accurate 

fitting in cases where the sensitivity of some techniques is not high enough or the 

Kd of the aptamer is extremely low. Concentration of the titrand aptamer could be 

comparable to or higher than Kd, and a good estimate of Kd can still be obtained. 

Sometimes determining the equilibrium concentration of the protein target is 

difficult due to complications such as denaturation during purification of 

recombinant protein, surface adsorption during solution preparation, or 

degradation during storage. In any of these scenarios using Equation 1.6 or 1.11 

would underestimate binding affinity. If protein loss is not negligible, the protein 

sample, whose concentration does not need to be known exactly if <Kd, should 

be titrated with increasing concentrations of aptamer.107 Then Kd and total active 

target concentration [T]ta could be determined via nonlinear regression of 

Equation 1.12 or linear regression of Scatchard plot as shown in Equation 1.13 

where fp is the bound fraction of target protein. 

ta
d

tap [T]
[A]+K

[A]
=[T]f=[C]                                Equation 1.12 
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    d

ta

d K

[T]
+

K

[C]
=

[A]

[C]
                                        Equation 1.13 

Major analytical techniques developed to measure binding constants are 

summarized in Table 1.1, which includes separation-based techniques such as 

dialysis, nitrocellulose filter binding, gel electrophoresis, CE, and HPLC, and also 

 

 

Figure 1.5 Simulated semilogarithmic binding plots of an RNA-protein interaction. In 
each plot RNA concentration is fixed. Binding stoichiometry is 1:1 and Kd is assumed to 
be 10-8 M. Figure is reprinted from Hall et al. 1999 Methods in Molecular Biology. 
Copyright 1999 Humana Press.

                                 

 

mixture-based techniques such as fluorescence intensity, fluorescence 

anisotropy/polarization, UV-vis absorption, surface plasmon resonance (SPR), 

and isothermal titration calorimetry. In the following up two sections, 

nitrocellulose filter binding, CE, SPR, and fluorescence techniques are reviewed, 

as they are the most popular techniques and most closely related to the research 

work covered by this dissertation. 
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Table 1.1 A summary and comparison of different techniques used to measure aptamer-protein binding 

Technique Sample consumption Experiment time and complexity Kd limit Equipment 

Dialysis ~100 μLa ~48 h 10-8 M108 Microequilibrium dialyzer with 

fluorometer detector108 

Nitrocellulose filter 

binding 

200 μL~500 μLa109, 110 ~5 min separation. Radioactive label 

and scintillation count are needed 

10-11 M~ 10-

12 M111, 112 

Filters and centrifuge, or 

membranes and vacuum 

apparatus, and scintillation 

counter 

Gel electrophoresis 10 μL~50 μLa ~3 h separation. Gel casting, 

radioactive labeling, autoradiography, 

gel cutting and counting are needed 

10-13 M113, 114 GE power supply and 

autoradiography 

CE ~10 μLa in zonal separation ~10 min per sample injection 10-9 M115 Automated CE system with LIF 

detector 

HPLC 100 μL~8 mLa in FA, 

dependent on column 

type116 

10~30 min per sample injection 10-6 M23 Automated HPLC system with 

UV detector 

Fluorescence intensity ~150 μL117 ~10 min per sample, waiting is needed 

after each titration 

10-10 M118 Spectrofluorometer and 

cuvette, or Microplate reader 

Fluorescence 

anisotropy/polarization 

15 μL~25 μLa, ~10 min 

 

10-9 M119 Spectrofluorometer with 

polarizers and quartz cuvette, 

or Microplate reader ~150 μL117, 120 ~10 min per sample, waiting is needed 

after each titration 
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UV-vis absorption 15 μL~25 μLa,121  
 

~10 min 

 

10-6 M121 Spectrophotometer, quartz 

cuvette 

~2.5 mL ~10 min per sample, waiting is needed 

after each titration 

Surface plasmon 

resonance 

10 μL~20 μLa ~20 min per sample, aptamer 

immobilization step is needed 

10-12 M122 Biacore SPR instrument and 

sensor chip 

Isothermal titration 

calorimetry 

~1.5 mL in sample cell; 

200 μL~ 500 μL for total 

injection volume123 

1.5 h~3 h 10-8 M~10-9 

M121 

ITC calorimeter 

8 to 25 samples are usually required to fit a binding isotherm and obtain a Kd value. 
a Volume is for each sample. 
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1.3.2 Techniques to Obtain Kd: Separation Based 

In ultrafiltration the binding mixture consisted of aptamer and protein target is 

driven through the membrane by pressure, vacuum, or centrifugal force. The 

most widely used membrane material is nitrocellulose, which possesses long 

pores allowing nucleic acids to pass through but retaining proteins as small as 2 

kDa by hydrophobic adsorption.124 Membranes are available in several traditional 

formats but “dot blot” apparatus are most commonly used due to the minimal 

material requirement. 32P-labeled aptamer samples incubated with the protein 

target at various concentrations are pulled through the membrane using 

vacuum.125, 126 Free protein and the aptamer-protein complex stayed on 

membrane so that the bound fraction is quantified in the membrane using a 

phosphor-imager. Alternatively, bound fraction can be obtained by counting 

scintillation from the free aptamer in the filtrate. 

Nitrocellulose filter binding is very common and popular in measuring Kd due to 

the fast speed, high sensitivity and low cost. Radioactive labeling allows aptamer 

as low as 10-12 M to be used, convenient and accurate for aptamers whose Kd’s 

are in the low pM range.125 There are a few complications to consider before 

picking this method though. In some cases incomplete retention of aptamer-

protein complex by the nitrocellulose membrane has been observed, giving rise 

to an over estimate of Kd. This could be due to a competitive binding between 

aptamer and membrane for the same binding site on protein;127 or aptamer 

interfering with the interaction between the membrane and an unstructured 
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hydrophobic region of protein.128 Another concern is nonspecific adsorption of 

nucleic acids to nitrocellulose membrane, which requires control experiments to 

be performed in the absence of protein and background signals to be subtracted 

before calculating the binding fraction. This is a particular concern for aptamers 

that have been isolated using nitrocellulose membrane. In addition, protein 

concentration should be lower than 10-5 M to prevent saturation of binding sites 

on nitrocellulose membrane.128 Radioactive labeling introduces additional safety 

and regulatory concerns; however, alternative detection methods with non-

radioactive labels have also been developed.129, 130 

CE techniques have been developed to study protein and nucleic acids 

interactions.116, 131-135 Various approaches have been demonstrated including 

free zone, frontal analysis (FA), Hummel-Dreyer (HD), affinity CE (ACE), vacancy 

peak (VP), and vacancy affinity CE (VACE).136-140 Most of them are derived from 

similar techniques in HPLC analyses of protein-nucleic acid interactions, and 

covered in several excellent reviews.131, 141 Here the discussion is focused on 

zonal CE techniques. 

The dissociation rate of aptamer-protein complexes is often slower than the 

5~20 min separation time period typical for CE. Protein and aptamer-protein 

complex generally have slower mobilities than the unbound aptamer, giving rise 

to distinct peaks. If a fluorescently labeled aptamer is titrated with increasing 

concentrations of non-labeled protein, two peaks representing the complex and 

unbound aptamer are observed in the electropherogram. The bound fraction can 

be calculated from the intensity of the free ligand peak when increasing the 
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amount of protein in titrant. This technique has been used to characterize 

aptamers selected via CE-SELEX, a process in which only nucleic acid 

sequences that stay bound to the target for approximately the same separation 

time would be collected to evolve aptamers.45-47 Figure 1.6 inset shows an 

overlay of electropherograms in which the FAM-labeled free aptamer peak 

decreases with increasing human IgE. 

 

Figure 1.6 Binding Curve measured using zonal CE for an aptamer selected to bind 
human IgE. Dashed lines represent 95% confidence of the fit curve. The figure inset 
shows fluorescence intensities of free aptamer peaks at different human IgE 
concentrations. Reprinted with permission from Mendonsa et al. 2004 Journal of the 
American Chemical Society. Copyright 2004 American Chemical Society. 

If the life time of aptamer-protein complex is on a time scale similar to that of 

the separation time, observed peaks will be distorted as the complex dissociates 

on the column during the separation. While this may be detrimental to a direct Kd 

measurement; the distortion of the peaks yields additional kinetic information, 

from which Kd could also be obtained.142 To avoid assessing areas of unresolved 
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peaks, the first statistical moment of the aptamer signal across the entire 

electropherogram could be used to obtain Kd as well.143, 144 

1.3.3 Techniques to Obtain Kd: Equilibrium Based 

SPR is a phenomenon that occurs on a metal film when an incident light is 

polarized parallel to the plane of incidence. The evanescent electromagnetic field 

generated by electron-plasmon oscillation penetrates the metal film into sample 

solution near the film. When the light source and metal film are fixed, the change 

in reflected angle is only related to the refractive index of sample solution near 

the film. It is found that the signal linearly correlates with the immobilized analyte 

across a broad concentration range.145, 146 Normally, aptamers are immobilized 

on the metal surface because large targets such as proteins can usually induce a 

more significant change in refractive index upon binding.147-149 As shown in 

Figure 1.7 , when IgE was injected and flowed over the immobilized aptamer, 

binding changed the surface refractive index and the resonance signal increased; 

after the binding process reached the steady state a denaturing buffer was 

introduced at 900 s and dissociation occured.150 Both the association and 

dissociation rate constants could be obtained from the exponential curves 

representing association and dissociation processes, and Kd could be further 

calculated by the ratio of the two. Meanwhile, the steady state signal at different 

protein concentrations can also be used to calculate binding fractions to obtain 

Kd. 
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Figure 1.7 An overlay of SPR sensorgrams of an aptamer-IgE interaction. Thiol-derived 
aptamer was immobilized on a gold chip, titrated with IgE at different concentrations. 
Reprinted with permission from Wang et al. 2007 Analytical and Bioanalytical Chemistry. 
Copyright Springer-Verlag 2007. 

SPR is a very robust technique to characterize aptamer-target binding. The 

detection is label free, both thermodynamic and kinetic information can be 

obtained simultaneously within 20 min, and Kd can be estimated by two 

methods.145, 146 However, cautions should be taken to ensure that mass transfer 

of the target molecules from bulk solution to the surface of the SPR chip is not a 

limiting factor, which otherwise would slow down the observed association rate 

and give rise to an overestimate of Kd.
151-153 This can be conveniently checked by 

evaluating the association rate obtained at different flow rates. Faster mass 

transfer can be achieved by applying higher flow rate, using a thinner flow cell, or 

lowering aptamer surface density. In addition, immobilization methods should be 

optimized and Kd should be assessed by complementary techniques to confirm 

that aptamer affinity remains unchanged when immobilized onto a surface. 
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Fluorescence-based techniques are also very popular in Kd measurement, 

possessing many characteristics that are complementary to other techniques. 

Fluorescence signals are taken while the aptamer and target remain at their 

equilibrium concentrations. This not only avoids concerns regarding kinetic 

processes, but also allows Kd to be measured under various buffer conditions, 

which may be limited in certain separation techniques.154 For example, 

increasing the ionic strength of binding buffer may affect the interaction between 

complex and nitrocellulose membrane, or increase Joule heat in ACE. 

Fluorescence based methods are generally much faster than separation based 

methods. There are hundreds of fluorescent probes available with wide ranges of 

lifetime and excitation/emission wavelength. Labeling procedures are well 

characterized, especially for nucleic acids.155-159 

It is not uncommon to observe a change in fluorescence intensity when the 

labeled aptamer binds to its target. The microenvironment of the dye in aptamer-

target complex could be dramatically different from that in free solution, resulting 

in a change in fluorescence quantum yield. Many dyes are sensitive to changes 

in buffer polarity. For example, the quantum yield of fluorescein increases in less 

polar environments.160, 161 Quenching due to energy transfer to the binding 

partner is also possible.162 In another scenario, binding may involve a change of 

aptamer conformation, which promotes the formation of a donor-acceptor 

complex at the ground state, resulting in a shift in the fluorescence emission 

profile.163 Either fluorescence enhancement or quenching could be possibly 

observed depending on the specific system under study.164-167 Practically, extra 
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care should be taken if the buffer composition of the target is different from that 

of the aptamer, since even a small change in pH or buffer additives could induce 

a change in fluorescence intensity, generating an artificial “binding curve”.  

A derivative method employs aptamer beacons which incorporate both a 

fluorescent molecule and a quencher in close proximity in the native state.168 

Binding to the target induces a conformation change in the aptamer, separating 

the fluorescence dye and quencher and thus increasing fluorescence signal. This 

method requires pre-knowledge of the aptamer structure and is only applicable in 

cases where a suitable conformation change is observed. Similarly, if the 

quencher is replaced with another dye whose excitation spectrum overlaps the 

emission spectrum of the fluorescent dye, then a change in Förster Resonance 

Energy Transfer (FRET) could be used to monitor binding process.169-171  

In Fluorescence Polarization (FP) only fluorescent molecules whose dipoles 

are in the same orientation as the polarized incident light are excited. If the dye 

rotates slowly in comparison to the emission kinetic, the polarity is retained when 

the dye emits. Intensities parallel and perpendicular to the incident light are used 

to assess polarization. Equation 1.13 describes how the lifetime and rotational 

diffusion of a fluorescent molecule affect polarization:172 
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where P is the observed polarization, Po is the limiting polarization when there is 

no molecular rotation, τ is fluorescence lifetime, R is universal gas constant, T is 

absolute temperature, η is buffer viscosity, and V is the molar volume of the dye. 
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3ηV/RT is Debye rotational relaxation time, which is directly proportional to V. 

The molar volume increases upon aptamer binding to its target, resulting in less 

rotation and an increase in polarization. The definition of anisotropy (A) and 

polarization  (P) are given in Equation 1.14 and 1.15:159 
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where III and I  represents emission intensities parallel and perpendicular to the 

incident light, respectively. Anisotropy and polarization have similar physical 

meaning and are mathematically interchangeable. 

It is important to match up the fluorescence lifetime of a dye with its rotation 

rate. If the lifetime is too short, polarization is high for both the free ligand and 

complex; if the lifetime is too long, even the large complex could depolarize and 

have similar polarization as the free ligand. It is recommended that fluorescein 

with a relatively fast lifetime of 4 ns be used for aptamer-protein complexes 

smaller than 100 kDa.173, 174 Long linkers between dye and aptamer should be 

avoided, because the flexibility of this attachment adds rotational freedom and 

risks the change in polarization upon binding. G factor is an instrument 

parameter that measures the ratio of parallel and perpendicular signals recorded 

for non-polarized light. Ideally G should be 1, but polarization and anisotropy 

should be corrected when it is not.175 Fluorescence enhancement or quenching 
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associated with binding may further complicate measurements since it directly 

affects the quantum yield and fluorescence lifetime of the dye. For fluorescence 

enhancement due to an increase in quantum yield upon binding, the complex 

and then the bound fraction are overestimated, leading to a smaller Kd. To 

correct this error, the maximal fluorescence enhancement factor Qm is used in 

order to get the accurate bound fraction fa from the apparent bound fraction Fa 
163 
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where Im and Io are the fluorescence intensities of the complex and free aptamer. 

P, Pf, and Pb are polarizations of the sample, free aptamer, and complex, 

respectively. 

1.4 SELEX on Membrane Proteins 

1.4.1 Membrane Proteins as Targets in SELEX 

Membrane proteins play important roles in cellular functions. They maintain the 

structure and stability of cells, adhere cells to extracellular environment and other 

cells, transport mass in and out, and serve as ion channels that are prominent in 

signaling processes.176 Mutations in membrane protein primary structure and 
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changes in expression level lead to misassembly, and subsequently abnormal 

trafficking and other functional impairments.177-179 Membrane proteins are related 

to a variety of human diseases such as neurodegeneration, angiogenesis, and 

cancers. 70% of the therapeutic targets are membrane proteins.180 

Chemotherapies have been in use for decades, whose toxic side effect to 

patients, however, is still a serious problem. This is mainly due to a lack of 

specifically targeted delivery of cytotoxic drug to the tumor cells without affecting 

normal healthy tissue. Recent progress in the field involves biochemical 

synthesis of monoclonal antibody (mAb)-linked drug conjugates with much 

improved specificity to certain receptors on cell surface and much reduced 

systemic toxicity.181, 182 One example is the already approved humanized anti-

CD33 antibody-alicheamicin conjugate Mylotarg, for curing acute myeloid 

leukemia (AML).183 However, compared to aptamers antibodies have limitations 

as we have discussed in Chapter 1.1.1. The laborious production, batch to batch 

difference, large size, and immunogenicity make monoclonal antibodies not as 

promising as aptamers as drug carriers.  

1.4.2 Current Approaches to Generating Aptamers for Membrane Proteins 

Although often used in SELEX, nitrocellulose membrane filter is not suitable for 

generating aptamers for membrane proteins. This is because the lipids or 

surfactants used to solubilize membrane proteins interfere with the hydrophobic 

interaction between protein and filter, making target retention a big problem. 
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Similarly, other selection methods involving target immobilization, such as affinity 

chromatography, are not compatible with membrane protein targets either.  

Aptamer selections against membrane proteins are much more difficult 

compared to those against soluble proteins, mainly because it is implausible to 

obtain pure and, at the same time, intact targets. The most popular and 

straightforward method is to use a peptide region or recombinant protein of the 

soluble ectodomain as the target. In this way, the selection has no difference 

from traditional SELEX. Aptamers have been selected for a great deal of targets 

on cell surface, such as human epithelial growth factor receptor-3 (HER-3), 184 

plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1), 185 cytotoxic 

T cell antigen-4 (CTLA-4),186 and a lot more.187-189 An issue associated with this 

method is that aptamers selected against the truncated targets sometimes do not 

have similar affinities towards the intact ones. This discrepancy could be due to 

the post translational modifications which alter the surface chemistry or the 

structure of the target, or the lack of accessibility to a particular binding site.  

Therefore, methods that are aimed at using targets in their native states start 

gaining more attention. Living cell lines,190-192 or membranes containing the target 

of interest prepared by lysing cells193-195 were directly used as the target. The 

main partitioning method in these selections was centrifugation,191, 192 although 

other methods such as gel-shift selection have been applied as well.194  

Cell-SELEX is uniquely advantageous in that prior knowledge of the identity of 

the target is not necessary. Aptamers have been selected against membrane 

protein biomarkers for specific cancer cell lines without knowing what to target 
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before selection.17, 196-200 This selection method has been proved successful in 

novel biomarker discovery, and aptamers have been applied as excellent probes 

in diagnoses and therapeutics.194, 195, 201-205 There are also complications 

associated with complex-target selection. Since the target is not pure, there is 

always a concern of nucleic acids binding to membrane skeleton or other 

proteins expressed on cell surface. One solution is to perform negative selections 

using the same cell membrane harboring no target protein;190, 195 alternatively, 

counter selections were performed where inhibitors of target were used after 

incubation to replace nucleic acids that only had affinity to the target.191, 192, 194 

Another problem of this selection is the poor cell viability. Selections performed 

using centrifugation had a high risk of getting dead cells after separation. These 

dead cells usually have a high nonspecific background binding to nucleic acid 

library, which enriches more unwanted sequences and slows down aptamer 

generation. To overcome this problem, fluorescence-activated cell sorter (FACS) 

was used after binding to separate viable cells from dead ones, because the light 

scattering characteristic of the two are different.206 Moreover, unlike pure protein 

target, target level in membrane structures is usually unknown and difficult to 

quantify. Inefficient target expression or existence of other abundant interferents 

would substantially affect selection, even making selection off track. To address 

this issue, cross-over SELEX was invented, combining selections using both 

complex target and the pure counterpart, in which the latter guaranteed the 

selection was in the right direction.19, 207 This method, however, usually 

generates aptamers whose affinities are lower towards targets in native state.207 
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1.4.3 Sarco/ Endoplasmic Reticulum Ca2+ ATPase (SERCA) 

Calcium is the most important ion in cardiac contraction and relaxation.208 Ca2+ 

enters cardiac cell and is released from a subcellular organelle Sarcoplasmic 

Reticulum (SR). These two processes lead to an increase of free Ca2+ in cell 

cytosol, which switches on the contractile machinery, resulting in ventricular 

pressure and blood ejection. Shortly after this, Ca2+ is transported out of cytosol 

by four pathways, which include mitochondrial Ca2+ uniport, through sarcolemmal 

Ca2+-ATPase, sarcolemmal Na+/Ca2+ exchange, and through SR Ca2+-ATPase, 

The lowered Ca2+ level allows the relaxation of cardiac myocytes. Amongst all 

four pathways, SR Ca2+-ATPase plays the most important role, removing 70% to 

90% Ca2+ varying in species.209 The SR from rabbit skeletal muscle has a very 

similar functional behavior,210 owing to the presence of a membrane bound 

protein SERCA in both cardiac and skeletal muscles.    

Transport of Ca2+ by SERCA opposite to the ion gradient in SR membrane is a 

complicated process, which involves several structural changes and 

conformational transitions.211, 212 The simplified version is shown in Figure 1.8. 

When in E1 state, the enzyme binds to Ca2+, which triggers protruding 

cytoplasmic and partial transmembrane domains, allowing phosphorylation of the 

conserved Asp351 in the cytoplasmic domain by ATP. The enzyme then 

transforms to E2 state, which has the opened ion channel and a lower Ca2+ 

binding affinity. Ca2+ is then released into the lumen of SR, followed by hydrolysis 

of the phosphate to an unphosphorylated E2 state. A decrease in SERCA 

functionality is observed in almost all types of heart failure.213 Besides, other 
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diseases associated with abnormal muscular conditions such as Brody’s disease 

and Darier’s disease have been recognized to be closely related with the genetic 

mutations in SERCA genes.214   

 

Figure 1.8 Schematic of the SERCA’s enzymatic cycle for the transport of Ca2+ from 
cytosol to lumen, the inside of SR. 

Phospholamban (PLN) is a small membrane protein co-localized with SERCA 

in cardiac SR. At low Ca2+ concentration, dephosphorylated PLN interacts with 

SERCA in both cytoplasmic215 and transmembrane domains216 when SERCA is 

in the E2 state, resulting in a prolonged time of conformational transition and a 

decrease in apparent Ca2+ binding affinity by SERCA.217 The consequence is a 

decreased SERCA activity and Ca2+ store rate in SR. When β-agonists such as 

adrenaline are released into blood, the signal-transduction pathway in myocytes 

is initiated. cAMP-dependent protein kinase (PKA) is activated, which 

phosphorylates PLN and relieves its inhibition to SERCA. The consequence is an 

increased SERCA activity and heart contractility.  
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1.5 Scope of the Dissertation 

Applications of aptamer in research and for clinical purposes have been 

growing explosively. Unmatched to this trend is the relatively slow and inefficient 

aptamer generation process. Recently, effort has been made to profile one 

advanced separation platform, capillary electrophoresis, in terms of target size, 

complexity, library injection size, and selection round by Mendonsa et al.45-47 and 

Mosing et al.48 However, a detailed characterization of the selection process that 

looks into the aptamer abundance change or the evolution profile is still yet to be 

probed, which prevents the fundamental understanding of the CE-SELEX 

process and improving of the SELEX platform. Chapter 2 of this thesis describes 

the application of 454 pyrosequencing on generating sufficient sequence 

information, and the subsequent analyses on desired selection products and 

PCR byproducts. Chapter 3 then presents the first successful integration of a 

free-solution-separation based microfluidics μFFE and SELEX, with mid-nM Kd 

aptamers generated right after one cycle of selection. Chapter 4 demonstrates 

the progress on this μFFE device being applied to isolate aptamers for a 

membrane protein target, SERCA. The discovery of ssDNA sequences binding to 

PLN and the factors affecting binding affinity is also discussed in Chapter 4. 

Finally, Chapter 5 describes the development of a novel activity assay that 

directly monitors ADP produced by SERCA using competitive immunobinding 

and Time Resolved-Förster Resonance Energy Transfer (TR-FRET) detection. 
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Chapter 2 Emergence of High-Affinity Aptamers for 

rhVEGF165 during CE-SELEX Using High Throughput 
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2.1 Summary 

CE-SELEX is a powerful technique in developing aptamers toward various 

targets, from large proteins to small peptides with molecular weights of several 

kilodaltons. One of the unique characteristics of CE-SELEX is the relatively high 

heterogeneity in the ssDNA pools even after multiple rounds of selection. 

Enriched sequences or highly abundant oligonucleotide motifs were rarely 

reported in CE-SELEX studies. In this work, we employed 454 pyrosequencing to 

profile selected pools when performing CE-SELEX against the target rhVEGF165. 

Information of up to 3×104 sequences were obtained from each selected pool 

and the control of the unselected library. Three contigs were identified with the 

highest abundance of 0.8% of contig 1 in pool 4. Analyses on contigs, top 1000 

oligonucleotides, and eight original FASTA files indicated the lack of prevailing 

motifs in the desired products. Sequencing results also revealed the cause of 

getting pools with reduced affinities after pool 4 was the preferred amplification of 

one particular short byproduct in PCR. High-affinity aptamers with 10-8 M 

dissociation constants were identified. Both abundant and randomly picked 

aptamers had similar affinities as those of the selected pools, characterized by 

both ACE and FP. These sequences also had comparable affinities to VEGF 

DNA aptamers reported before.  

2.2 Introduction 

The merits of CE-SELEX over traditional SELEX have been discussed in 

Chapter 1.1.3. One distinctive property of CE-SELEX is the retained 
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heterogeneity of the selected pools. Although enriched sequences and 

conserved oligonucleotides (motifs) were identified in one report after 9 rounds of 

selection,50 to the best of our knowledge, other studies have not shown enriched 

sequences or motifs at all.45-49, 51-54 Typically, high picomolar to low nanomolar 

target concentrations were used in CE-SELEX, corresponding to 105~107 target 

molecules per injection. Theoretically, one nucleic acid molecule should not have 

an identical copy in the starting library, since the diversity of a library consisted of 

40 nt random region surpasses the number of sequences used in selection 

substantially. In cases where aptamers are generated after one round, about the 

same amount of nucleic acid molecules are bound to the target. As a result, there 

are about 105~107 different aptamers generated in selections that are done after 

one cycle. Indeed, when selection round number goes up, the diversity in the 

selected pools decreases; however, tens of sequences from cloning are 

insufficient to characterize the heterogeneity. Another interesting but puzzling 

fact of CE-SELEX is that sometimes affinities of the selected pools started to 

decrease after a certain selection cycle.45-48 Again, a massive sequencing data is 

of great importance to explain the phenomena. Additionally, although 

computational simulations on evolution of aptamers have been proposed,218-221 

few studies have been reported on tracking the real evolution profiles of 

individual aptamers. Thus, a comprehensive study on aptamer emergence with 

experimental sequencing data allows us to look into CE-SELEX process, helps 

us to develop in-depth understanding, and may shed light on prospective 

improvements and applications. 
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The revolutionary Next Generation Sequencing (NGS) technologies can  

produce enormous amount of data at low unit prices compared to the “first 

generation” Sanger sequencing.222, 223 These new technologies triggered the 

explosively growing research in de novo assemblies of genome,57, 224 

transcriptome sequencing,225 and gene discovery in metagenomics.226 More 

interestingly to us, NGS has also been used in several SELEX studies, playing 

powerful roles in Genomic-SELEX227 and Cell-SELEX228 to identify aptamers, 

and helping generate higher affinity aptamers in earlier selection rounds by 

monitoring enrichment fold of individual sequences in microfluidic-SELEX.229 454 

pyrosequencing is one of the NGS technologies allowing massively parallel 

sequencing of up to millions of sequences.230, 231 Briefly, a single-stranded 

template DNA library is first prepared with the adaptor primer on and then 

immobilized on beads for an emulsion PCR (emPCR). Millions of identical copies 

of the same sequence are amplified on individual beads. These beads are 

layered onto a PicoTiterPlate (PTP) device with special designs to fit one bead 

per well. The sequencing-by-synthesizing (pyrosequencing) step is then 

performed and up to millions of pyrograms are generated at precisely recorded 

locations on the device.  

Vascular endothelial growth factor (VEGF) is a signaling protein in 

angiogenesis. Over expression of VEGF is associated with many diseases such 

as Age-related Macular Degeneration (AMD), rheumatoid arthritis, and solid 

cancers.232-235 The importance of VEGF and the advancement in aptamers being 

drug candidates can be evidenced by the first aptamer-based drug Macugen, 
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which was derived from concrete and abundant studies on the generation of anti-

VEGF165 aptamers. RNA aptamers236, 237 and directly selected or post-selection 

modified 2’-O-methyl RNA aptamers238, 239 have been developed using 

conventional SELEX. DNA aptamers were also selected against VEGF165
240-243 

by conventional SELEX and against a 32 aa peptide fragment244 using CE-

SELEX. From these studies, selected pools converged to several sequences and 

motifs were found when conventional SELEX methods were applied, but high 

diversity remained when CE was chosen as the partitioning method. With this 

knowledge in mind, we decided to use VEGF165 as the target and 454 

pyrosequencing as the characterization method in our study to probe the 

evolution process of CE-SELEX and compare our results with previous studies.  

2.3 Experimental Methods 

2.3.1 Materials and Chemicals 

Recombinant Human Vascular Endothelial Growth Factor 165 (rhVEGF165, MW 

44 kDa) was purchased from ProSpec Protein Specialists, Inc. (East Brunswick, 

NJ). Nuclease free H2O, forward primer 5’-FAM-AGC AGC ACA GAG GTC AGA 

TG-3’, reverse primer 5’-Biotin-TTC ACG GTA GCA CGC ATA GG, fusion primer 

A 5’-GCC TCC CTC GCG CCA TCA GAG CAG CAC AGA GGT CAG ATG-3’, 

fusion primer B 5’-GCC TTG CCA GCC CGC TCA GTT CAC GGT AGC ACG 

CAT AGG-3’, random ssDNA library 5’-FAM-AGC AGC ACA GAG GTC AGA TG 

(N)40 CCT ATG CGT GCT ACC GTG AA-3’, and individual aptamers were from 

Integrated DNA Technologies, Inc. (Coralville, IA). 100 mM dNTP set and 25 bp 
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DNA ladder were purchased from Invitrogen, Inc. (Carlsbad, CA). Taq DNA 

polymerase and ThermoPol buffer were purchased from New England BioLabs, 

Inc. (Ipswich, MA). Blue/orange gel loading dye was purchased from Promega 

Corp. (Madison, WI). Streptavidin agarose resin was purchased from Thermo 

Scientific, Inc. (Waltham, MA). Acetic acid (CH3COOH, 99.7%, Mallinckrodt 

Baker, Saint Louis, MI), boric acid for electrophoresis (H3BO3, Sigma-Aldrich, 

Saint Louis, MO), DL-Dithiothreitol (DTT, MP Biomedicals, Irvine, CA), 

ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, 99.0%-101.0%, 

Sigma-Aldrich, Saint Louis, MO), glycine (C2H5NO2, 99%, Sigma-Aldrich, Saint 

Louis, MO), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 99%, 

Alfa Aesar, Ward Hill, MA), magnesium chloride 6-hydrate (MgCl2·6H2O, 99.8%, 

Mallinckrodt Baker, Saint Louis, MI), potassium phosphate, monobasic, (KH2PO4, 

99.9%, Mallinckrodt Baker, Saint Louis, MI), sodium chloride (NaCl, 99.0%, 

Mallinckrodt Baker, Saint Louis, MI), sodium hydroxide (NaOH, 97%, Sigma-

Aldrich, Saint Louis, MO), and tris(hydroxymethyl) aminomethane (tris, 99.8%, 

Sigma-Aldrich, Saint Louis, MO) were used without further purification.  Binding 

buffer, CE separation buffer, and streptavidin buffer were prepared in nuclease 

free H2O, and 0.5× TBE buffer were prepared in Milli-Q H2O from a Milli-Q water 

purification system (Millipore Corp., Bedford, MA). Binding buffer consisted of 20 

mM HEPES, 10 mM NaCl, and 0.25 mM DTT at pH 7.2 (pH was adjusted by 1M 

NaOH solution). CE separation buffer consisted of 25 mM tris, 192 mM glycine, 

and 5 mM KH2PO4 (TGK) at pH 8.3. Streptavidin binding buffer consisted of 10 

mM tris, 50 mM NaCl, and 1mM EDTA at pH 7.5. 0.5× TBE buffer consisted of 45 
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mM tris, 45 mM boric acid, and 1 mM EDTA at pH 8.3. Each buffer was filtered 

through a 0.2 μm posidyne® membrane filter before use.  

2.3.2 Capillary Electrophoresis Selections 

All CE selections were performed on a P/ACETM MDQ Capillary 

Electrophoresis System from Beckman Coulter, Inc. (Fullerton, CA). An argon ion 

laser (Beckman coulter, Inc., Fullerton, CA) with a 488 nm line for excitation was 

used and emission of fluorescence at 520 nm line was collected. A 50 cm long 

(40 cm to the detector) uncoated fused-silica capillary with 50 μm i.d. and 360 

μm o.d. (Polymicro Technologies, Phoenix, AZ) was prepared each day before 

separation. The capillary was rinsed with 0.15 M NaOH and then CE separation 

buffer at 30 psi, each for 5 min before the first separation, and 1 min for the 

follow-up separations of the day. ssDNA library dissolved in binding buffer was 

heated to 72 °C for 5 min, let cool down to room temperature, and then incubated 

with VEGF for 30 min. In the first round of selection, the mixture contained 10 μL 

of the random ssDNA library at 100 μM and VEGF at 10 nM. The mixture was 

hydrodynamically injected at 1 psi for 4 seconds, corresponding to approximately 

5×1011 ssDNA molecules and 5×107 VEGF molecules. The separation was 

performed at 30 kV under normal separation condition at 25 °C. The cutoff time 

was calculated based on the apparent cutoff time from the electropherogram and 

the ratio of the effective capillary length to the total capillary length. Complexes 

migrating 45 sec before the rise of the free peak were collected at the capillary 

outlet into a 48 μL separation buffer vial for PCR amplification. In the subsequent 
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selections, ssDNA library was at the largest amount available after being 

aliquoted for binding experiments, and VEGF was kept at 10 nM. 

2.3.3 PCR Amplification 

943 μl of PCR master mixture was prepared with the recipe of 1 mM dNTPs, 

7.5 mM MgCl2, 500 nM forward and reverse primers, and 1× ThermoPol buffer. 

The mixture was aliquoted into nine PCR vials, of which 6 μL of binding buffer 

was added to the first one as a negative control and 6 μL of collected complexes 

were added to the other eight. All the PCR vials were then loaded onto a 

Mastercycler® (Eppendorf, Enfield, CT), heated to 94 °C for 1 min, and paused at 

94 °C. 5 units of Taq polymerase was added into each of the 9 vials. 23 cycles of 

PCR were performed at 94 °C for 30 s for denaturation, 55 °C for 30 s for 

annealing, and 72 °C for 20 s for extension. A final extension at 72 °C for 5 min 

was carried out after the 23rd cycle. An agarose gel (2%, w/v) electrophoresis of 

the PCR product was performed to confirm the desired products at 80 bp and 

observe any possible contamination in the negative control. A purification step 

using streptavidin agarose resin and chromatography column was taken to 

collect the desired single strands with FAM labeling, after which the standard 

ethanol precipitation was used to get the final product as reported before.45-48 

The dry product was then dissolved in 10 µL binding buffer for the next round of 

selection and affinity characterization. 

2.3.4 Sequencing and Bioinformatics 

1 fmol of the random ssDNA library was PCR amplified as described above, 

and the product was purified and used as a control to monitor the diversity 
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change when the library was not exposed to the pressure of CE selection. 1,000 

fold dilutions of this control and pools selected from CE-SELEX were used as the 

sample in an additional PCR, which was performed under exactly the same 

conditions, except that fusion primer A and B were used to add the adaptors for 

the emulsion PCR in 454 sequencing. PCR products were then loaded onto 2% 

(w/v) agarose gels and electrophoreses were carried out at 100 V for 3.5 hours. 

Gel images were taken to make sure there was no contamination in all eight 

reactions. The 80 bp bands were carefully cut out of the gel while being 

monitored on a DNA safe Visi-BlueTM transilluminator (UVP, Inc., Upland, CA). 

These 80 bp products were extracted using QIAquick® gel extraction kit (Qiagen, 

Inc., Gaithersburg, MD) and stored in TE buffer of pH 7.0 at -20 °C. 454 

sequencing was performed at the BioMedical Genomics Center of the University 

of Minnesota. Sequencing results were exported as eight FASTA files.  

Since five of the eight FASTA files contain more than 20,000 sequences, it is 

very time consuming to perform multiple sequence alignment to find motifs or to 

obtain phylogenetic trees. Thus, a home-programmed code in Linux was used to 

identify enriched sequences/motifs quickly. Briefly, the desired products (80±2 nt) 

were first extracted for analysis. The primer regions of every sequence were first 

removed before analysis. The oligonucleotide with the length of n nt (n ranged 

from 5 to 15) was then extract from the 1st register position to the nth position. 

Then the second oligonucleotide was extracted from the 2nd to the (n+1)th register 

position, and the process continued to the last oligonucleotide from the (41–n)th 

to the 40th register position. The same analysis moved on to the second 
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sequence in the file and kept moving until finishing the last one. While extracting, 

every oligonucleotide was recorded, and the count number was added if a same 

one was found later in the analysis. When the program finished on one file, all 

the oligonucleotides were exported in abundance descending order. Enriched 

sequences were identified by piecing together abundant and overlapping 

oligonucleotides into complete 40 nt regions. The results were confirmed by 

CodonCode Aligner3.7.1 (CodonCode Corp., Bedham, MA), which identified the 

top three enriched sequences when analyzing each file divided into subgroups of 

~3,000 sequences. Online software MEME4.7.0245, 246 and ClustalW2.0247, 248 

were also used in order to find motifs both in the short byproducts and the 

desired products.  

2.3.5 Kd measurements by Affinity Capillary Electrophoresis (ACE) and 

Fluorescence Polarization (FP) 

ACE experiments were performed using the same MDQ CE system under the 

same separation conditions. Selected pools or aptamers with a fixed 

concentration in the range of 1 nM to 10 nM was heated to 72 °C for 5 min, and 

then let cool down to room temperature. 10 µL of these samples were then 

incubated with 10 µL of VEGF from 0 nM to 750 nM. The mixtures were then 

injected into the capillary from the lowest to the highest VEGF concentration. 

Electropherograms were collected with 32 Karat (Beckman Coulter, Inc., 

Fullerton, CA). The peak heights of the free aptamer were used to calculate the 

bound fractions, and the Kd value was obtained by nonlinear fitting of Equation 

2.1249, 250 in Origin 8.1 (OriginLab, Inc., Northampton, MA): 
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in which fa, [VEGF]t, [A]t, and c are the bound fraction of aptamer, total VEGF 

concentration, total aptamer concentration, and the maximum bound fraction, 

respectively. ([VEGF]t–0.5([A]t+[VEGF]t+Kd–(([A]t+[VEGF]t+Kd)
2– 4[A]t[VEGF]t)

0.5)) 

is the concentration of unbound VEGF. 

Fluorescence polarization (FP) experiments were performed on a Microplate 

Reader of SynergyTM 2 (BioTek Instruments, Inc., Winooski, VT). The samples 

were prepared the same manner as in ACE experiments. The 20 µL mixtures 

were loaded into a corning 3540 microplate (Corning Inc., Corning, NY). Gen 5TM 

(BioTekR Instruments, Inc., Winooski, VM) was used to collect parallel and 

perpendicular intensities ( λex = 485±20 nm, λem = 520±20 nm) and calculate 

polarizations. Each sample was measured three times and all data were used in 

Kd analysis. The same equation and software were used to determine Kd as in 

ACE, except for the determination of bound fraction, which was discussed in 

detail in Chapter 1.3.3., using Equation 1.16~1.18. 

2.4 Results and Discussion 

2.4.1 Monitoring Affinity of Selected Pools during CE-SELEX 

Affinity of the initial ssDNA library was first evaluated before selections by two 

orthogonal methods, Affinity Capillary Electrophoresis (ACE) and Fluorescence 

Polarization (FP). The highest VEGF stock concentration was prepared at 1 µM, 

limited by the commercial availability. The random ssDNA library had no 

apparent affinity toward VEGF even at the highest VEGF concentration, 
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suggesting a Kd value at least above 1 µM. This is not surprising considering 

DNA aptamers for VEGF have been selected with a few hundred-nanomolar Kd 

values.240, 241 Seven cycles of CE selection were performed. The incubated 

mixture in cycle one consisted of 100 µM library and 10 nM VEGF allowing 

~4×1011 ssDNA sequences and ~4×107 VEGF molecules to be injected per 

separation. Three CE separations were performed to increase the amount of 

complexes collected for PCR amplification. Most of the purified ssDNA product 

was used in the next round of selection except a small aliquot for Kd 

measurements. As shown in Figure 2.1, the affinity of the bulk pool was improved 

by at least one order of magnitude right after the first round of selection, with the 

Kd value of 50±60 nM from ACE experiment and 120±80 nM from FP experiment. 

The affinity was further slightly improved in the following selections until round 6 

and 7, from which fluctuation was observed, a phenomenon that was also 

observed in previous CE-SELEX studies. 

2.4.2 Overview of Sequencing Results 

After selection, the same volume of sample from each selected pool was PCR 

amplified to incorporate the adaptor primers. The products were gel purified and 

recovered to the maximum amount for library preparation in 454 sequencing. The 

control sample generated as described in Chapter 2.3.4 sequencing and 

bioinformatics was also sequenced for a direct comparison to pool 1. Since the 

same volume of samples was used and samples were treated exactly the same 

way, sequencing results summarized in Figure 2.2 directly reflected variations of 

sample in quantity and quality after CE selection. 31,331 sequences were obtain- 
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Figure 2.1 A histogram of binding affinities (Kd values) of the initial random ssDNA 
library and the pools after selection against VEGF. Kd values were obtained by both FP 
and ACE. Error bars represent 95% confidence interval. Affinity of the initial random 
ssDNA library was only roughly estimated, limited by the highest protein concentration 
available. Kd values of pool 3 (by FP and ACE) and pool 6 (by ACE) were not available 
due to limitation in DNA quantity.  

ed for control sample, out of which 30,107 sequences had the lengths of 80±2 nt 

and were considered as desired products. For pool 1, both the total number of 

sequences and the number of desired sequences were very similar compared 

with the control. When more PCR were performed in the later selection rounds, 

both the total number of sequences and the number of desired sequences 

decreased, mildly in pool 2 through pool 5 and sharply in pool 6 and pool 7. The 

average sequence length followed the same trend as shown by the right Y axis in 

Figure 2.2. The value was 80 nt for control and cycle 1; it slightly decreased to 76, 

76, 77, and 75 nt for pool 2, 3, 4, and 5, respectively; and it finally reached 70 nt 

in cycle 6 and 62 nt in cycle 7.  
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Figure 2.2 The summary of sequencing result in terms of total number of sequences 
( ), number of desired products ( ), and average sequence length ( ). The left Y 
axis is in logarithm scale, and the right Y axis is in linear scale. Sequences with the 
lengths of 80±2 nt were considered as desired products. 

2.4.3 Analysis of the Short Sequences 

In order to probe into the sequencing results, I first summarized the frequency 

distributions over a wide range of sequence length for all the eight files. Shown in 

Figure 2.3, the highest frequency in every file was set to be 100%, and all the 

other frequencies were normalized. Results suggested that the most abundant 

length in all eight files was 80 nt, which was the length of the desired products. 

There were fewer sequences with lengths above 82 nt, indicated by the flat 

baselines in all the eight traces. However, for the short sequences, the relative 

abundance increased with selection cycle. Although there were no noticeable 

short byproducts in control and pool 1, there was an obvious peak centered at 47 

nt from pool 2 through pool 5 with the normalized abundances around 10%. In 

pool 6, the length distribution of the short sequences stretched from 42 nt to 
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above 60 nt; in pool 7, this distribution even stretched to above 65 nt, and several 

peaks were observed with the normalized abundances above 20%. 

 

Figure 2.3 Normalized sequence abundance profiles of the control sample and selected 
pools. In each sample, the highest abundance at a specific length was set to be 100%, 
and abundances at other lengths were normalized. Only sequences with the length 
equal to or above 42 nt were exported after 454 sequencing, so 42 nt was chosen as 
one boundary. 90 nt was chosen as the other boundary because few examples existed 
above this length.   

All the short byproducts at the peak lengths were further studied and motifs 

were identified by MEME. The normalized abundances of the short sequences at 

a specific length, the discovered motifs, and the normalized abundances of the 

motifs were summarized in Table 2.1. The control sample undergoing PCR 

amplification, purification, another PCR to incorporate adaptor primers, and 454 

sequencing was treated exactly the same as pool 1 except that pool 1 was 

subjected to incubation with VEGF and separation using CE. The undesired short 

products only took a small portion in these two samples, below 0.3% quantity of 
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the 80 nt sequences. The motif discovered in control showed low consensus 

level (Figure 2.4, (I)); meanwhile this motif was found at different register 

positions in the short sequences without preference at a particular position; the 

normalized abundance was only 0.035% by MEME as compared to 0.157% for 

all 45 nt sequences. In pool 1, the 10 nt motif showed very high consensus level 

(Figure 2.4, (A)); 93% of the time the motif appeared at the same register 

position; most importantly this motif was found in two thirds of the 50 nt short 

sequences. Interestingly, although this motif also showed up in the short 

byproducts in the following pools, it was not the dominant. From pool 2 through 

pool 6, the most abundant short byproducts all appeared at 47 nt, shared the 

same motif and close abundances, and most of them were at the same register 

position. In pool 7, the three peaks with normalized abundances above 20% 

showed up at 54 nt, 46 nt, and 42 nt. The motif of the 46 nt was very similar to 

the motif found in pool 2 through pool 6. 42 nt sequences were primer dimers 

with a random 2 nt region in the middle, and 54 nt sequences shared a newly 

discovered motif.  These motifs identified from pool 1 through pool 7 were also 

discovered in some short byproducts with other lengths and in some of the few 

long byproducts.  

Although it is difficult to draw an explicit mechanism for the formation of these 

short products, these motifs share a common characteristic of containing more 

GC than AT, indicating a possible explanation that some GC-rich sequences 

were mistakenly amplified. It is also worth pointing out that a careful gel- 

electrophoresis separation and extraction were performed to get rid of undesired 
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products before 454 sequencing. A gel image taken after the purification clearly 

showed single bands at 80 bp (see Figure 2.5). However, the short products 

were up to 28% quantity of the desired product in sequencing results. Since our 

samples were not extremely long or short for 454 machines after the adaptor 

primers were incorporated, the sequencing error rate should be below 1%.230 

One possible reason is that the short sequences had much higher amplification 

efficiency and were preferably amplified during emPCR of 454 sequencing. In 

selections, due to the amplification preference of the short sequences and 

possibly the emergence of new short sequences in every PCR, the productivity of 

the desired products was greatly impaired in later selection rounds, and the bulk 

affinities of the pools were not further improved or even went worse. 

2.4.4 Analysis of the Desired Products 

454 sequencing generated up to ~3×104 sequences in individual selected pools, 

among which the most abundant sequences are the desired products whose 

lengths fall into the range of 78 nt to 82 nt, as shown in Figure 2.2 and Figure 2.3. 

Sequence information obtained from pyrosequencing is a few hundred folds 

more than cloning, which greatly expands our scope to characterize CE-SELEX. 

However, the massive data also bring challenges to our analysis. Most of the 

sequence-alignment or motif-finding programs are time consuming when dealing 

with this amount of sequences. For example, the running time of MEME is 

proportional to the data size squared, and it takes months to analyze a 30,000-  
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Table 2.1  Analysis of the most abundant short sequences 

 
Initial 
library 

(control) 
Pool 1 Pool 2 Pool 3 Pool 4 Pool 5 Pool 6 Pool 7 

Length (nt) 45 50 47 47 47 47 47 54, 46, 42 

Normalized abundance 0.157% 0.27% 8.08% 9.43% 7.28% 11.01% 13.13% 
28.44%, 22.68%, 

26.52% 

Motif 
CGTACTA

C 
CAGGTAGGG

T 
GGAGCC

A 
GGAGCC

A 
GGAGCC

A 
GGAGC

CA 
GGAGC

CA 

CGTGCTACCGTGA
A, 

GAGCCA,  

Normalized 
abundance 

of motif  

Perfect 
match 

0.004% 0.13% 5.04% 5.93% 4.82% 7.71% 6.57% 14.06%, 6.71% 

1 
mismatch 

0.024% 0.17% 6.75% 8.98% 6.95% 10.15% 8.40% 16.93%, 9.27% 

MEME* 0.035% 0.18% 6.79% 9.18% 7.02% 10.49% 8.61% 20.45%, 9.27% 

* The p-value is equal to or smaller than 0.05 in MEME. 
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Figure 2.4 Motifs of the short byproducts at the peak lengths in Figure 2.3, identified by 
MEME: (A) motif found in pool 1, (B) motif found in pool 2, (C) motif found in pool 3, (D) 
motif found in pool 4, (E) motif found in pool 5, (F) motif found in pool 6, (G) motif found 
in pool 7 at the length of 54 nt, (H) motif found in pool 7 at the length of 46 nt,  and (I) 
motif found in control. 
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sequence file.245 As a result, I decided to employ several complementary 

methods to perform sequence analysis.  

 

Figure 2.5 A gel image of the 8 samples (lane 3 through lane 10) after gel extraction to 
remove undesired short products. Lane 1 is the 25 bp DNA ladder, with the bottom band 
indicating 25 bp and an increment of 25 bp. Lane 2 is the negative control. Lane 3 
through lane 10 correspond to the products of the initial library and round 1 through 
round 7 after gel electrophoresis purification, respectively. All the product lanes are 
between 75 and 100 bp, which agree with the desired length of 80 bp. There are no 
short products detectable below the desired product bands. 

A home-programmed code in Linux was first used to search for the abundant 

oligonucleotides in the desired products (see Chapter 2.3.4 sequencing and 

bioinformatics for details) in all selected pools at once. The top 1,000 abundant 

oligonucleotides from 5 nt through 15 nt were exported in abundance descending 

order and the top 100 were shown in Table 2.2. The probability to find an n nt 

long random oligonucleotide in a ssDNA pool equals 0.25n×(41−n)×100%. These 

values, displayed as logarithms, were the theoretical values in Figure 2.6 (A). 

The evolution profiles of the most abundant oligonucleotides shown in Figure 2.6 
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(B) were obtained as below: the abundances were first normalized to theoretical 

abundances of random oligonucleotides with the same lengths, and then the 

logarithms were displayed. The most abundant 5 nt oligonucleotide TTTTG had 

similar abundances in selected pools as compared to that of a random 5 nt 

oligonucleotide, since the logarithm values were close to 0, indicating 

approximately 1:1 ratios. This suggests that there were no 5 nt oligonucleotides 

preferably selected. The most abundant 6 nt and 7 nt oligonucleotides, however, 

had the highest logarithm values of 0.52 and 0.91 at cycle 5, respectively, 

corresponding to 3.3:1 and 8.1:1 ratios. This indicates that they were preferably 

enriched. From 8 nt through 15 nt, the logarithm values were above one right 

from pool 1, and all enriched at pool 4. As a comparison, the abundances of top 

oligonucleotides found solely in control sample were very similar to the 

theoretical values from 5 nt to 9 nt (Figure 2.6 (A)). In other words, these 

oligonucleotides was not preferably amplified, indicating the remained 

randomness in the unselected control sample even after three multiple-round 

PCR reactions. The difference between the abundances in theory and in control 

only became significant when the length was greater than 9 nt. This is because 

the occurrence of a random oligonucleotide (larger than 9 nt) is less than one in a 

pool with sample size of ~30,000; however, practically the occurrence of the most 

abundant oligonucleotide (larger than 9 nt) has to be equal to or greater than one. 
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Table 2.2  Top 100 abundant oligonucleotides from 5 nt through 15 nt in selected pools 

Abundance
Ranking 

  5nt 
Oligo 

6 nt 
Oligo

7 nt 
Oligo 

8 nt 
Oligo 

9 nt 
Oligo 

10 nt 
Oligo 

11 nt 
Oligo 

12 nt 
Oligo 

13 nt 
Oligo 

14 nt 
Oligo 

15 nt 
Oligo 

1 
TTTTG 

GGA
GCC 

GGAG
CCA 

ATCTG
GAG 

GAAGC
CCGC 

GCCCG
CTGTG 

GAAGCC
CGCTG 

GAAGCC
CGCTGT 

GAAGCCC
GCTGTG 

GAAGCCC
GCTGTGA 

GCCCGCT
GTGACATC 

2 
TTTGT 

TTTG
TT 

TGGA
GCC 

TCTG
GAGC 

AGCCC
GCTG 

AGCCC
GCTGT 

AGCCCG
CTGTG 

AAGCCC
GCTGTG 

CTGTGAC
ATCTGG 

AGCCCGC
TGTGACA 

GAAGCCC
GCTGTGAC 

3 
GTTTT 

TTTT
GT 

TCTG
GAG 

TGTG
ACAT 

GGAGC
CGGT 

AAGCCC
GCTG 

AAGCCC
GCTGT 

AGCCCG
CTGTGA 

AGCCCGC
TGTGAC 

GCCCGCT
GTGACAT 

CGCTGTGA
CATCTGG 

4 
GGTTT 

TTTT
TG 

ATCTG
GA 

GGTT
CCCG 

TGGAG
CCGG 

CTGGA
GCCGG 

CTGGAG
CCGGT 

GCCCGC
TGTGAC 

GCCCGCT
GTGACA 

GCTGTGAC
ATCTGG 

AGCCCGCT
GTGACAT 

5 
TTGTT 

GTTT
TT 

GTGA
CAT 

ACATC
TGG 

GCCCG
CTGT 

GAAGC
CCGCT 

GCCCGC
TGTGA 

TCTGGA
GCCGGT 

AAGCCCG
CTGTGA 

AAGCCCG
CTGTGAC 

CCGCTGTG
ACATCTG 

6 
TGTTT 

TTTT
GG 

GCCG
GTT 

GGAG
CCGG 

CCCGC
TGTG 

TGGAG
CCGGT 

TCTGGA
GCCGG 

TGTGAC
ATCTGG 

CCGCTGT
GACATC 

CTGGAGC
CGGTTCC 

TCTGGAGC
CGGTTCC 

7 
TTTGG 

TTGT
TT 

CATCT
GG 

CATCT
GGA 

ATCTG
GAGC 

TCTGGA
GCCG 

GTGACA
TCTGG 

GACATC
TGGAGC 

CATCTGG
AGCCGG 

CTGTGACA
TCTGGA 

CTGGAGC
CGGTTCCC 

8 
ATTTT 

TTTG
GT 

TGTG
ACA 

CGCT
GTGA 

GGTTC
CCGG 

CATCTG
GAGC 

CCCGCT
GTGAC 

CTGTGA
CATCTG 

ATCTGGA
GCCGGT 

CCCGCTGT
GACATC 

AAGCCCG
CTGTGACA 

9 
TTTTA 

GGTT
TT 

GCTG
TGA 

CTGG
AGCC 

TCTGG
AGCC 

CCCGCT
GTGA 

GTTCCC
GGAGC 

GGTTCC
CGGAGC 

GCTGTGA
CATCTG 

CGCTGTGA
CATCTG 

CTGTGACA
TCTGGAG 

10 
TTGGT 

TTAT
TT 

CGCT
GTG 

GAGC
CGGT 

CTGGA
GCCG 

GGAAG
CCCGC 

CCGCTG
TGACA 

ATCTGG
AGCCGG 

GTGACAT
CTGGAG 

GTGACATC
TGGAGC 

GGAGCCG
GTTCCCGG 

11 
TATTT 

TGTT
TT 

GGAG
CCG 

TGGA
GCCG 

GACAT
CTGG 

CTGTGA
CATC 

CCGGTT
CCCGG 

CCCGCT
GTGACA 

CCCGCTG
TGACAT 

CCGCTGT
GACATCT 

TGTGACAT
CTGGAGC 

12 
TTATT 

ATTT
TT 

GGTT
CCC 

CTGT
GACA 

CCGCT
GTGA 

CCGCT
GTGAC 

GACATC
TGGAG 

CTGGAG
CCGGTT 

TGGAGCC
GGTTCC 

CCGGTTCC
CGGAGC 

CCCGCTGT
GACATCT 

13 
TTTAT 

GGGT
TT 

CTGT
GAC 

GAAG
CCCG 

AAGCC
CGCT 

TGACAT
CTGG 

ACATCT
GGAGC 

CGCTGT
GACATC 

TGACATC
TGGAGC 

CATCTGGA
GCCGGT 

GCTGTGAC
ATCTGGA 

14 
TGGTT 

TTTT
TA 

CTGG
AGC 

GTGA
CATC 

CGGTT
CCCG 

CGCTGT
GACA 

CATCTG
GAGCC 

CCGCTG
TGACAT 

TCTGGAG
CCGGTT 

TGGAGCC
GGTTCCC 

GCCGGTTC
CCGGAGC 

15 GGGT
T 

TATT
TT 

AGCC
GGT 

CCGC
TGTG 

CATCT
GGAG 

ATCTGG
AGCC 

CTGTGA
CATCT 

GGAAGC
CCGCTG 

GGAGCC
GGTTCCC 

GGAAGCC
CGCTGTG 

TGGAGCC
GGTTCCCG 
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16 
GTATT 

TTGG
TT 

GGAA
GCC 

CGGA
GCCA 

CGCTG
TGAC 

GTGACA
TCTG 

TGTGAC
ATCTG 

GGAGCC
GGTTCC 

CGGTTCC
CGGAGC 

GGAGCCG
GTTCCCG 

GACATCTG
GAGCCGG 

17 TTGG
G 

TTTA
TT 

CCGG
TTC 

GCCC
GCTG 

CTGTG
ACAT 

CGGTTC
CCGG 

ATCTGG
AGCCG 

GTGACA
TCTGGA 

GGAAGCC
CGCTGT 

GAGCCGG
TTCCCGG 

GTGACATC
TGGAGCC 

18 
GTGTT 

GTTT
TG 

ACATC
TG 

CGGT
TCCC 

GGAAG
CCCG 

GACATC
TGGA 

GCTGTG
ACATC 

GCCGGT
TCCCGG 

CTGGAGC
CGGTTC 

TGTGACAT
CTGGAG 

ACATCTGG
AGCCGGT 

19 
GTTTG 

GTTT
GT 

CGGT
TCC 

CCCG
GAGC 

TGTGA
CATC 

GGTTCC
CGGA 

CGCTGT
GACAT 

CATCTG
GAGCCG 

CGCTGTG
ACATCT 

TCTGGAGC
CGGTTC 

GAGCCGG
TTCCCGGA 

20 
TTGTG 

TTTG
TG 

GTTC
CCG 

GTTC
CCGG 

TCCCG
GAGC 

GTTCCC
GGAG 

GGTTCC
CGGAG 

TGACAT
CTGGAG 

GACATCT
GGAGCC 

GACATCTG
GAGCCG 

TGACATCT
GGAGCCG 

21 
GTTTA 

TGGG
TT 

GAGC
CGG 

GCCG
GTTC 

CCGGA
GCCA 

CCGGTT
CCCG 

TGGAGC
CGGTT 

GCTGTG
ACATCT 

TGTGACA
TCTGGA 

ACATCTGG
AGCCGG 

GGAAGCC
CGCTGTGA 

22 
GTTAT 

TTTT
AT 

GACA
TCT 

GCTG
TGAC 

ACATC
TGGA 

TTCCCG
GAGC 

GCCGGT
TCCCG 

ACATCT
GGAGCC 

CCGGTTC
CCGGAG 

GCCGGTT
CCCGGAG 

CCGGTTCC
CGGAGCC 

23 
TATGT 

TGGT
TT 

CCGG
AGC 

GGAA
GCCC 

GCTGT
GACA 

GGAGC
CGGTT 

GGAAGC
CCGCT 

CCGGTT
CCCGGA 

GAGCCG
GTTCCCG 

TGACATCT
GGAGCC 

CATCTGGA
GCCGGTT 

24 
TGTGT 

TTTG
GG 

TGAC
ATC 

CCGG
TTCC 

GCCGG
TTCC 

CCCGG
AGCCA 

TGACAT
CTGGA 

TGGAGC
CGGTTC 

ACATCTG
GAGCCG 

ATCTGGAG
CCGGTT 

AGCCGGTT
CCCGGAG 

25 
TTTAG 

TTAT
GT 

TTCCC
GG 

GACA
TCTG 

CCCGG
AGCC 

ACATCT
GGAG 

GAGCCG
GTTCC 

CGGTTC
CCGGAG 

GCCGGTT
CCCGGA 

CGGTTCCC
GGAGCC 

ATCTGGAG
CCGGTTC 

26 
ATTTG 

TTGG
GT 

CCGC
TGT 

CCGG
AGCC 

CCGGT
TCCC 

GCTGTG
ACAT 

GGAGCC
GGTTC 

GAGCCG
GTTCCC 

AGCCGGT
TCCCGG 

GGTTCCC
GGAGCCA 

CGGTTCCC
GGAGCCA 

27 
TTATG 

TATT
TG 

CCCG
GAG 

AGCC
GGTT 

GTGAC
ATCT 

TGTGAC
ATCT 

CGGTTC
CCGGA 

GTTCCC
GGAGCC 

GGTTCCC
GGAGCC 

AGCCGGTT
CCCGGA 

AGCACAGA
GGTCAGA 

28 
TATTG 

GTTA
TT 

CGGA
GCC 

CCCG
CTGT 

GTTCC
CGGA 

GCCGG
TTCCC 

AGCCGG
TTCCC 

AGCCGG
TTCCCG 

GTTCCCG
GAGCCA 

CGTGCTAC
CGTGAA 

GCACAGA
GGTCAGAT 

29 TGGG
T 

GTAT
TT 

TACC
GTG 

AGCC
CGCT 

TTCCC
GGAG 

TCCCG
GAGCC 

TTCCCG
GAGCC 

TTCCCG
GAGCCA 

GTGCTAC
CGTGAA 

GCACAGA
GGTCAGA 

CAGCACAG
AGGTCAG 

30 
TGTAT 

GTTT
AT 

TCCC
GGA 

TTCCC
GGA 

TGACA
TCTG 

AGCCG
GTTCC 

TCCCGG
AGCCA 

GTGCTA
CCGTGA 

CGTGCTA
CCGTGA 

AGCACAGA
GGTCAG 

CACAGAG
GTCAGATG 

31 GGTA
T 

TTGT
GT 

GAAG
CCC 

TCCC
GGAG 

GAGCC
GGTT 

GAGCC
GGTTC 

GTGCTA
CCGTG 

TGCTAC
CGTGAA 

GCACAGA
GGTCAG 

CACAGAG
GTCAGAT 

ACAGAGGT
CAGATGG 

32 
TTAGT 

ATTT
TG 

AAGC
CCG 

TGAC
ATCT 

AGCCG
GTTC 

CTACCG
TGAA 

TGCTAC
CGTGA 

CGTGCT
ACCGTG 

CACAGAG
GTCAGA 

CAGCACA
GAGGTCA 

TATGCGTG
CTACCGT 
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33 GGTT
A 

ATTT
GT 

TATGC
GT 

AAGC
CCGC 

CTACC
GTGA 

GTGCTA
CCGT 

GCTACC
GTGAA 

CACAGA
GGTCAG 

CAGCACA
GAGGTC 

ACAGAGGT
CAGATG 

CTATGCGT
GCTACCG 

34 
GTTGT 

TGTT
AT 

GCCC
GCT 

TACC
GTGA 

TACCG
TGAA 

TGCTAC
CGTG 

CGTGCT
ACCGT 

AGCACA
GAGGTC 

CAGAGGT
CAGATG 

CAGAGGT
CAGATGG 

ATGCGTGC
TACCGTG 

35 TTAG
G 

TTGT
GG 

ATGC
GTG 

CTAC
CGTG 

TGCTA
CCGT 

GCTACC
GTGA 

GCACAG
AGGTC 

CAGCAC
AGAGGT 

AGCACAG
AGGTCA 

TATGCGTG
CTACCG 

CCTATGCG
TGCTACC 

36 
ATTGT 

TTTT
AG 

CCCG
CTG 

ACCG
TGAA 

GTGCT
ACCG 

CGTGCT
ACCG 

CAGCAC
AGAGG 

ACAGAG
GTCAGA 

ACAGAGG
TCAGAT 

CTATGCGT
GCTACC 

TGCGTGCT
ACCGTGA 

37 
TGTTA 

TATT
GG 

AGGT
CAG 

GCTA
CCGT 

GCTAC
CGTG 

CAGCAC
AGAG 

CAGAGG
TCAGA 

GCACAG
AGGTCA 

AGAGGTC
AGATGG 

TGCGTGCT
ACCGTG 

GCGTGCTA
CCGTGAA 

38 
GATTT 

GTGT
TT 

CGTG
CTA 

GTGC
TACC 

CGTGC
TACC 

AGCACA
GAGG 

ACAGAG
GTCAG 

CAGAGG
TCAGAT 

GCGTGCT
ACCGTG 

ATGCGTGC
TACCGT 

ACCTATGC
GTGCTAC 

39 TAGG
T 

TAGG
GT 

GTGC
TAC 

TGCTA
CCG 

AGAGG
TCAG 

GCACA
GAGGT 

GAGGTC
AGATG 

AGAGGT
CAGATG 

CTATGCG
TGCTAC 

CCTATGCG
TGCTAC 

CACCTATG
CGTGCTA 

40 
TTGTA 

GTTT
TA 

ACCG
TGA 

CGTG
CTAC 

GCACA
GAGG 

CAGAG
GTCAG 

AGCACA
GAGGT 

GAGGTC
AGATGG 

TATGCGT
GCTACC 

GCGTGCTA
CCGTGA 

GCAGCACA
GAGGTCA 

41 ATTG
G 

TATG
TT 

TCAG
ATG 

AGGT
CAGA 

AGCAC
AGAG 

CACAGA
GGTC 

AGAGGT
CAGAT 

TATGCG
TGCTAC 

ATGCGTG
CTACCG 

ACCTATGC
GTGCTA 

AGCAGCAC
AGAGGTC 

42 
ATGTT 

TGTT
TG 

GTCA
GAT 

GAGG
TCAG 

ACAGA
GGTC 

GAGGT
CAGAT 

CACAGA
GGTCA 

GCGTGC
TACCGT 

TGCGTGC
TACCGT 

CACCTATG
CGTGCT 

GCCACCTA
TGCGTGC 

43 
TAGTT 

TTAT
TG 

AGCC
CGC 

GTCA
GATG 

GGTCA
GATG 

AGAGGT
CAGA 

AGGTCA
GATGG 

CCTATG
CGTGCT 

CCTATGC
GTGCTA 

GCAGCAC
AGAGGTC 

CCACCTAT
GCGTGCT 

44 
AGTTT 

TGTG
TT 

CAGA
TGG 

ACAG
AGGT 

GAGGT
CAGA 

AGGTCA
GATG 

CCTATG
CGTGC 

CTATGC
GTGCTA 

ACCTATG
CGTGCT 

AGCAGCA
CAGAGGT 

AGCCACCT
ATGCGTG 

45 
TGTTG 

TGTA
TT 

CTAC
CGT 

TATGC
GTG 

AGGTC
AGAT 

ACAGAG
GTCA 

CTATGC
GTGCT 

ATGCGT
GCTACC 

CACCTAT
GCGTGC 

CCACCTAT
GCGTGC 

GAGCCAC
CTATGCGT 

46 GTAT
G 

GTTT
GG 

GGTC
AGA 

AGAG
GTCA 

CACAG
AGGT 

GGTCA
GATGG 

ATGCGT
GCTAC 

TGCGTG
CTACCG 

GCAGCAC
AGAGGT 

GCCACCTA
TGCGTG 

CAGAGGTC
AGATGGG 

47 TATG
G 

TTTA
GG 

CCGT
GAA 

GCAC
AGAG 

CAGAG
GTCA 

CTATGC
GTGC 

GCGTGC
TACCG 

ACCTAT
GCGTGC 

AGCAGCA
CAGAGG 

AGCCACCT
ATGCGT 

CGTGCTAC
CGTGAAG 

48 GGTG
T 

GATT
TT 

AGAG
GTC 

GGTC
AGAT 

CAGCA
CAGA 

CCTATG
CGTG 

TATGCG
TGCTA 

CACCTAT
GCGTG 

CCACCTA
TGCGTG 

GAGCCAC
CTATGCG 

GTGCTACC
GTGAAGC 

49 GGGT
A 

GAGC
CA 

CAGA
GGT 

CAGA
GGTC 

GTCAG
ATGG 

TATGCG
TGCT 

TGCGTG
CTACC 

GCAGCA
CAGAGG 

GCCACCT
ATGCGT 

AGAGGTCA
GATGGG 

AGAGGTCA
GATGGGA 
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50 

ATTAT 
TTAG
GT 

GAGG
TCA 

TCAG
ATGG 

CTATG
CGTG 

ATGCGT
GCTA 

ACCTAT
GCGTG 

AGCAGC
ACAGAG 

AGCCACC
TATGCG 

GTGCTACC
GTGAAG 

GAGGTCA
GATGGGA
G 

51 GTTA
G 

TTTA
TG 

ACAG
AGG 

AGCA
CAGA 

TATGC
GTGC 

GCGTG
CTACC 

CACCTAT
GCGT 

GCCACC
TATGCG 

GAGCCAC
CTATGC 

GAGGTCA
GATGGGA 

CTACCGTG
AAGCAGC 

52 TGTG
G 

TTTA
GT 

TTTTT
GT 

CAGC
ACAG 

ATGCG
TGCT 

TGCGTG
CTAC 

GCAGCA
CAGAG 

CCACCT
ATGCGT 

GAGGTCA
GATGGG 

TGCTACCG
TGAAGC 

TACCGTGA
AGCAGCA 

53 AGGG
T 

TTTG
TA 

TGCTA
CC 

CACA
GAGG 

CCTAT
GCGT 

ACCTAT
GCGT 

AGCAGC
ACAGA 

AGCCAC
CTATGC 

TGCTACC
GTGAAG 

TACCGTGA
AGCAGC 

GCTACCGT
GAAGCAG 

54 GTTG
G 

GTTG
TT 

GCTA
CCG 

CTATG
CGT 

GCGTG
CTAC 

CACCTA
TGCG 

CCACCT
ATGCG 

GAGCCA
CCTATG 

AGGTCAG
ATGGGA 

CTACCGTG
AAGCAG 

TGCTACCG
TGAAGCA 

55 AGGT
T 

GGTT
TG 

GTTAT
TT 

ATGC
GTGC 

TGCGT
GCTA 

GCAGC
ACAGA 

GCCACC
TATGC 

AGGTCA
GATGGG 

GCTACCG
TGAAGC 

GCTACCGT
GAAGCA 

AGGTCAGA
TGGGAGC 

56 
TATAT 

TGTT
TA 

AGAT
GGG 

CCTAT
GCG 

ACCTA
TGCG 

AGCAG
CACAG 

AGCCAC
CTATG 

GCTACC
GTGAAG 

CCGTGAA
GCAGCA 

ACCGTGAA
GCAGCA 

ACCGTGAA
GCAGCAC 

57 TGGT
A 

GGTT
TA 

GGTTT
TT 

GCGT
GCTA 

CACCT
ATGC 

GCCAC
CTATG 

GAGCCA
CCTAT 

CTACCG
TGAAGC 

CTACCGT
GAAGCA 

AGGTCAGA
TGGGAG 

GGTCAGAT
GGGAGCC 

58 TAGG
G 

ATGT
TT 

TTTTG
TT 

TGCG
TGCT 

GCAGC
ACAG 

CCACCT
ATGC 

GGTCAG
ATGGG 

GGTCAG
ATGGGA 

ACCGTGA
AGCAGC 

GGTCAGAT
GGGAGC 

AAGCAGCA
CAGAGGT 

59 GGGG
T 

GGTT
AT 

GTAG
GGT 

ACCTA
TGC 

AGCAG
CACA 

AGCCAC
CTAT 

CTACCG
TGAAG 

CCGTGA
AGCAGC 

TACCGTG
AAGCAG 

AAGCAGCA
CAGAGG 

CCGTGAAG
CAGCACA 

60 
GGAT
T 

ATTT
TA 

TGGG
TTT 

CACC
TATG 

GCCAC
CTAT 

GAGCC
ACCTA 

TACCGT
GAAGC 

TACCGT
GAAGCA 

GGTCAGA
TGGGAG 

CCGTGAA
GCAGCAC 

GAAGCAG
CACAGAG
G 

61 
TATTA 

AGTT
TT 

TTTGT
TT 

GCAG
CACA 

CCACC
TATG 

GTCAGA
TGGG 

GTCAGA
TGGGA 

ACCGTG
AAGCAG 

GTCAGAT
GGGAGC 

GTGAAGCA
GCACAG 

CGTGAAGC
AGCACAG 

62 
TTATA 

TAGG
TT 

GGTA
GGG 

AGCA
GCAC 

AGCCA
CCTA 

TACCGT
GAAG 

GTGAAG
CAGCA 

CGTGAA
GCAGCA 

AAGCAGC
ACAGAG 

GTCAGATG
GGAGCC 

GTGAAGCA
GCACAGA 

63 
TGATT 

ATTG
GT 

TGCG
TGC 

GCCA
CCTA 

TCAGA
TGGG 

TCAGAT
GGGA 

CCGTGA
AGCAG 

GTCAGA
TGGGAG 

CGTGAAG
CAGCAC 

GAAGCAG
CACAGAG 

TGAAGCAG
CACAGAG 

64 TTGG
A 

TTGT
AT 

TTGG
GTT 

CAGA
TGGG 

GAGCC
ACCT 

ACCGTG
AAGC 

ACCGTG
AAGCA 

TCAGAT
GGGAGC 

TGAAGCA
GCACAG 

CGTGAAG
CAGCACA 

GGAGCCA
CCTATGCG 

65 
ATATT 

TTGT
TG 

CTATG
CG 

CCAC
CTAT 

ACCGT
GAAG 

CAGATG
GGAG 

CGTGAA
GCAGC 

CAGATG
GGAGCC 

GTGAAGC
AGCACA 

TGAAGCAG
CACAGA 

GTCAGATG
GGAGCCA 
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66 
TTTAA 

GTAT
TG 

GCAC
AGA 

AGCC
ACCT 

CAGAT
GGGA 

GTGAAG
CAGC 

TCAGAT
GGGAG 

GAAGCA
GCACAG 

TCAGATG
GGAGCC 

GGAGCCA
CCTATGC 

AGAGGTCA
GATGGAG 

67 GGTT
G 

GGGT
AT 

TTTGG
TT 

AGAT
GGGA 

CCGTG
AAGC 

CCGTGA
AGCA 

CAGATG
GGAGC 

GTGAAG
CAGCAC 

GAAGCAG
CACAGA 

TCAGATGG
GAGCCA 

CAGAGGTC
AGATGGA 

68 

TTTGA 
ATTT
GG 

TTTTT
TG 

GGTA
GGGT 

AGATG
GGAG 

TGAAGC
AGCA 

AAGCAG
CACAG 

AAGCAG
CACAGA 

CAGATGG
GAGCCA 

GAGGTCA
GATGGAG 

GAGGTCA
GATGGAG
C 

69 TGGG
G 

GGTA
TT 

TTTTG
TG 

GAGC
CACC 

TGAAG
CAGC 

CGTGAA
GCAG 

AGATGG
GAGCC 

TGAAGC
AGCACA 

GGAGCCA
CCTATG 

AGAGGTCA
GATGGA 

AGGTCAGA
TGGAGCC 

70 ATGG
T 

TTTT
GA 

GCGT
GCT 

AGGT
AGGG 

GAAGC
AGCA 

AGATGG
GAGC 

TGAAGC
AGCAC 

GGAGCC
ACCTAT 

AGGTCAG
ATGGAG 

AGGTCAGA
TGGAGC 

TATTGGAC
ACCTTCC 

71 GTGG
T 

GGAT
TT 

TTTTG
GT 

GATG
GGAG 

GTGAA
GCAG 

GATGG
GAGCC 

GAAGCA
GCACA 

AGATGG
GAGCCA 

GAGGTCA
GATGGA 

GGTCAGAT
GGAGCC 

CGATTGTG
GGGACGT 

72 
AATTT 

GTAT
GT 

TGTTA
TT 

CCGT
GAAG 

CGTGA
AGCA 

GAAGCA
GCAC 

GATGGG
AGCCA 

GGTCAG
ATGGAG 

GGTCAGA
TGGAGC 

GATTGTGG
GGACGT 

GATTGTGG
GGACGTA 

73 
TTAAT 

TATT
GT 

TTTTG
GG 

ATGG
GAGC 

GATGG
GAGC 

AAGCAG
CACA 

GGAGCC
ACCTA 

GTCAGA
TGGAGC 

GTCAGAT
GGAGCC 

ATTGGACA
CCTTCC 

GGTCAGAT
GGAGCCA 

74 
ATTTA 

TAGT
TT 

GTTTT
TT 

TGAA
GCAG 

AGGTA
GGGT 

ATGGGA
GCCA 

GTCAGA
TGGAG 

AGGTCA
GATGGA 

CGATTGT
GGGGAC 

CCGATTGT
GGGGAC 

GACGTATT
GGACACC 

75 GTGT
A 

TTAG
TT 

ATTTT
TT 

GAAG
CAGC 

TGGGA
GCCA 

GGAGC
CACCT 

GGTCAG
ATGGA 

TCAGAT
GGAGCC 

TTGGACA
CCTTCC 

GTCAGATG
GAGCCA 

CCGATTGT
GGGGACG 

76 GTAG
T 

TATT
AT 

GTTTT
TG 

GTGA
AGCA 

ATGGG
AGCC 

CAGGTA
GGGT 

TCAGAT
GGAGC 

TGGACA
CCTTCC 

TATTGGA
CACCTT 

TATTGGAC
ACCTTC 

CGTATTGG
ACACCTT 

77 
TAATT 

TTGG
TG 

TATTT
TT 

AAGC
AGCA 

CAGGT
AGGG 

TCAGAT
GGAG 

CAGATG
GAGCC 

GGACAC
CTTCCC 

CGTATTG
GACACC 

ATTGTGGG
GACGTA 

ACGTATTG
GACACCT 

78 ATGG
G 

TTAT
GG 

AGCA
CAG 

CGTG
AAGC 

AAGCA
GCAC 

GTCAGA
TGGA 

GGACAC
CTTCC 

GATTGT
GGGGAC 

GATTGTG
GGGACG 

GGGACGT
ATTGGAC 

GGACGTAT
TGGACAC 

79 TGTG
A 

TTGT
TA 

TTTTT
GG 

CAGG
TAGG 

GGAGC
CACC 

CAGATG
GAGC 

GTGGGG
ACGTA 

TTGGAC
ACCTTC 

ATTGTGG
GGACGT 

CGATTGTG
GGGACG 

GGGACGT
ATTGGACA 

80 GTGT
G 

GTTG
GT 

TGTTT
TT 

GGAG
CCAC 

TTGTG
GGGA 

AGATGG
AGCC 

TCCGATT
GTGG 

TTGTGG
GGACGT 

TTGTGGG
GACGTA 

ACGTATTG
GACACC 

GTGGGGA
CGTATTGG 

81 
GTAAT 

GTTT
AG 

TGGTT
TT 

GGGA
GCCA 

TCAGA
TGGA 

GTGGG
GACGT 

TGGACA
CCTTC 

GGGACG
TATTGG 

ATCCGAT
TGTGGG 

GACGTATT
GGACAC 

GTATTGGA
CACCTTC 

82 
TTGAT 

AATT
TT 

GTTTG
TT 

TGGG
AGCC 

GATTG
TGGG 

GACACC
TTCC 

GACACC
TTCCC 

CGATTG
TGGGGA 

CCGATTG
TGGGGA 

CGTATTGG
ACACCT 

GGGGACG
TATTGGAC 
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83 TGGT
G 

TTAG
GG 

CACA
GAG 

TTGTG
GGG 

ACGTA
TTGG 

GGACA
CCTTC 

CCGATT
GTGGG 

GGGGAC
GTATTG 

GGGACGT
ATTGGA 

GTGGGGA
CGTATTG 

GATATCCG
ATTGTGG 

84 
GTATA 

TATG
GT 

AGGT
AGG 

TGTTA
TTT 

AGATG
GAGC 

CGATTG
TGGG 

GGGACG
TATTG 

GTGGGG
ACGTAT 

ATTGGAC
ACCTTC 

GTATTGGA
CACCTT 

TCCGATTG
TGGGGAC 

85 GTAG
G 

ATTG
TT 

TTTGT
GT 

GATT
GTGG 

CAGAT
GGAG 

GATTGT
GGGG 

ATTGTG
GGGAC 

TCCGATT
GTGGG 

TGGACAC
CTTCCC 

GGACGTAT
TGGACA 

TGGGGAC
GTATTGGA 

86 TGGA
T 

TTTT
AA 

TTGTT
TT 

ATTGT
GGG 

ATTGT
GGGG 

CCGATT
GTGG 

GATTGT
GGGGA 

CAGATG
GAGCCA 

GAGGATA
TCCGAT 

TTGTGGG
GACGTAT 

ATTGTGGG
GACGTAT 

87 GTGG
G 

TTGG
TA 

TTGTG
GG 

GTATT
GGA 

CGATT
GTGG 

TGGACA
CCTT 

ATCCGA
TTGTG 

ATCCGA
TTGTGG 

GGACGTA
TTGGAC 

GGGGACG
TATTGGA 

GGATATCC
GATTGTG 

88 TGGG
A 

AGGT
TT 

CCTAT
GC 

TGTG
GGGA 

CGTAT
TGGA 

ACGTAT
TGGA 

CGATTG
TGGGG 

TATTGGA
CACCT 

TCAGATG
GAGCCA 

TGGGGAC
GTATTGG 

GAGGATAT
CCGATTG 

89 
TAGTA 

TGGT
TA 

TTGGT
TT 

TTGG
GTTT 

GGGGA
CGTA 

ATTGTG
GGGA 

TTGGAC
ACCTT 

TGTGGG
GACGTA 

GTGGGGA
CGTATT 

GATATCCG
ATTGTG 

ATATCCGA
TTGTGGG 

90 AGTG
T 

GTTA
GT 

GTGTT
TT 

ACGT
ATTG 

ATCCG
ATTG 

TCCGAT
TGTG 

GACGTA
TTGGA 

ATTGGA
CACCTT 

GGGGAC
GTATTGG 

ATATCCGA
TTGTGG 

ATCCGATT
GTGGGGA 

91 TGGA
G 

TCTG
GA 

GGGT
TTT 

CGTAT
TGG 

TGGGG
ACGT 

GGGGA
CGTAT 

GAGGAT
ATCCG 

CCGATT
GTGGGG 

ACGTATT
GGACAC 

TATCCGAT
TGTGGG 

TGTGGGG
ACGTATTG 

92 ATGT
G 

ATTT
AT 

ATTTG
TT 

GGGG
ACGT 

GGACA
CCTT 

GGGAC
GTATT 

GGGGAC
GTATT 

GACGTA
TTGGAC 

GACGTAT
TGGACA 

TTGGACAC
CTTCCC 

AGGATATC
CGATTGT 

93 GATT
G 

ATAT
TT 

TTTGG
GT 

AGAT
GGAG 

GACAC
CTTC 

TGGGG
ACGTA 

TGGGGA
CGTAT 

ATTGTG
GGGACG 

GTATTGG
ACACCT 

TCCGATTG
TGGGGA 

TTGTGGGG
ACGTATT 

94 
ATATG 

TGTT
GT 

TTTGT
TG 

GGGA
CGTA 

GGGAC
GTAT 

GACGTA
TTGG 

TATTGGA
CACC 

CGTATT
GGACAC 

TGGGGAC
GTATTG 

GAGGATAT
CCGATT 

ATTGGACA
CCTTCCC 

95 
ATGTA 

ATCT
GG 

ATTTT
GT 

TATTG
GAC 

GACGT
ATTG 

TTGTGG
GGAC 

TGTGGG
GACGT 

GTATTG
GACACC 

TATCCGA
TTGTGG 

GGATATCC
GATTGT 

TATCCGAT
TGTGGGG 

96 
TATAG 

AGG
GTT 

GTATT
GG 

GGAC
GTAT 

GTGGG
GACG 

ACACCT
TCCC 

ACGTATT
GGAC 

GAGGAT
ATCCGA 

GGACACC
TTCCCG 

ATCCGATT
GTGGGG 

CGTGCTAC
CGTGAAA 

97 GGTA
A 

GTTA
TG 

TTTTA
TT 

CGATT
GTG 

ACACC
TTCC 

ATCCGA
TTGT 

GGACGT
ATTGG 

GGACGT
ATTGGA 

TGTGGGG
ACGTAT 

AGGATATC
CGATTG 

TTGGACAC
CTTCCCG 

98 GGGA
T 

GATT
GT 

TTATT
TT 

GAGG
ATAT 

CCGAT
TGTG 

GGACG
TATTG 

AGATGG
AGCCA 

AGGATA
TCCGAT 

TCCGATT
GTGGGG 

TGTGGGG
ACGTATT 

CGAGGATA
TCCGATT 

99 TGTA
G 

GGGT
TA 

TTTTT
AT 

TTTTT
GTG 

GATGG
AGCC 

GAGGAT
ATCC 

ATTGGA
CACCT 

GACACC
TTCCCG 

GATATCC
GATTGT 

TGGACACC
TTCCCG 

GTGCTACC
GTGAAAC 
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100 GGTT
C 

ATGG
TT 

GTATT
TT 

TGTTT
GTT 

GTATT
GGAC 

CGTATT
GGAC 

TTGTGG
GGACG 

ACGTATT
GGACA 

ATATCCG
ATTGTG 

GTGCTACC
GTGAAA 

TGCTACCG
TGAAACA 
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Interestingly I found, in Figure 2.6 (B), all the oligonucleotides shared 

overlapped regions except “TTTTG”, and most of them appeared at the same 

register position in the desired products. For example, 65% of “GGAGCC” were 

found as the last six nucleotides in the 40 nt random region in pool 1, and the 

rest 35% were randomly distributed in the 40 nt random region with the 

abundance of 0.17%, compared to the theoretical abundance of 0.85% for a 

random 6 nt sequence and the abundance of 0.57% for the most abundant 6 nt  

 

Figure 2.6 (A) Comparison between the theoretical abundances and the real 
abundances of the most abundant oligonucleotides in the control sample. (B) Evolution 
profiles of the most abundant 5 nt through 15 nt oligonucleotides.  
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sequence in control (see Figure 2.6 (A)). Another interesting phenomenon is that 

“GGAGCC” was the same motif found in the short byproducts from pool 2 

through pool 6, confirming our conjecture that the short byproducts were formed 

as a result of mistakenly amplified GC-rich sequences. 

I then analyzed the top 1,000 abundant oligonucleotides at each length from 5 

nt to 15 nt. Similar as in genomic sequencing, contigs were identified by piecing 

together overlapping oligonucleotides into 40 nt regions. Although no meaningful 

results were obtained when aligning 5 nt oligonucleotides, all the other 

alignments gave the same results and contigs were discovered. I also obtained 

the top 1,000 abundant oligonucleotides at each length from 5 nt through 15 nt 

solely from the control file, and performed the same analysis. The most abundant 

contig in control showed up seven times, corresponding to an abundance of 

2.33×10–2 % in the desired products. This slight enrichment was only due to 

inappreciable preference in multiple PCR reactions and purification process, and 

helped us identify contigs generated due to CE selections in the other seven files. 

Nine contigs were found to have abundances greater than 2.33×10-2 % at least in 

one pool. These contigs were summarized in Table 2.3 as C1 through C9 in 

abundance descending order. Not surprisingly, the most abundant 

oligonucleotides (6 nt to 15 nt) shown in Figure 2.6 (B) were all parts of C1. 

Within these nine contigs, only the top three had abundances that were 

significantly higher than 2.33×10–2 % (S/N= 3). The evolution profiles of the top 

three contigs were illustrated in Figure 2.7. None of the three contigs were 

present in control. C1 had a significant abundance right after one cycle of 
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selection, and the abundance kept increasing until pool 4, after which a slight 

decrease was observed in pool 5 and a sharp decrease was observed in pool 6. 

This trend is opposite to the trend of the most abundant short byproducts from 

pool 4 through pool 7 as shown in Table 2.1. The other two contigs had similar 

evolution profiles, with the highest abundances appearing at pool 5 for C 2 and 

pool 4 for C 3. On the other hand, the highest abundance in Figure 2.7 was still 

less than 1%, suggesting relatively high sequence diversity in the selected pools. 

 

Figure 2.7 Evolution profiles of contigs. The abundances (×10–3 percent) of the top three 
contigs were shown over the selection cycles, including the control sample. Yellow: C 1, 
Blue: C 2, Pink: C 3. 

The top 1,000 abundant oligonucleotides at 6 nt through 15 nt were further 

analyzed to search for possible motifs in the desired products. Each 

oligonucleotide in the top 1,000 abundant oligonucleotides was searched in the 
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desired products; however, they either appeared at the same register position, 

for most of the time, or randomly distributed in sequence at abundances around 

the theoretical abundances of random oligonucleotides. Since the home-

programmed code excludes the possibilities of finding mismatched or 

discontinuous motifs, I also divided the original eight files into subgroups 

containing ≤5,000 sequences and analyzed these subgroups using MEME. This 

size was chosen as a compromise between running time of the program and 

being representative of sample diversity in the original files. However, the results 

showed that the motifs with high and medium consensus levels were top 

oligonucleotides present in the top 1,000 abundant oligonucleotides (data not 

shown). CodonCode Aligner3.7.1 was also employed to perform sequence 

alignment on 3,000-sequence subgroups. Again, no new motifs or contigs were 

discovered other than the ones that were previously identified by home- 

programmed code. MEME and ClustalW2 were then used to perform alignment 

on the discovered contigs. Although several motifs were found with medium 

consensus level using MEME, the results by ClustalW2 clearly showed 

heterogeneity of these contigs, with the highest similarity score of 42 out of 100 

between C 2 and C 6.  The motif regions were highlighted in different colors in 

Table 2.3, and the motifs were given in Figure 2.8.  
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Table 2.3 Contigs and randomly picked aptamers (without primer regions) found in selected pools in abundance descending order 

Contig (C #) and 

Randomly Picked 

Aptamers (R #) 

Sequence (5’ to 3’) 
Length  

(nt) 

Abundance 

Total 

Number 

Number in 

Pool 4 

×10–2% 

in Pool 

4 

C1 GGAAGCCCGCTGTGACATCTGGAGCCGGTTCCCGAGCCA 40 869 199 80.3 

C2 CGAGGATATCCGATTGTGGGTGACGTATTGGACACCTTCCCG 42 130 33 13.3 

C3 TGGCTGTTATTTCTCTCGGCCTCAGATCTTGGGCCCAACA 40 93 45 18.2 

C4 ATCCGGTTAGACCACTTGTCAATGAATGAGATTGTCAACG 40 37 8 3.23 

C5 TCTAGCGTTGTCTCGATCTATACCGTCGCGAATCGTAATG 40 29 6 2.42 

C6 TGCCATTCCTGTTGAGTATGACGTAATGGTAGTTGCGAAG 40 23 8 3.23 

C7 CGTTACCTGTAGGCGTATCTTTGTACAACCCTCTGGCGAG 40 17 7 2.82 

C 8 AGTTTCTTGGGTTCTAAACGGATTTTATAAGGATTTTTAA 40 13 4 1.61 
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C 9 AAACTCAAAGACACTTTGGTTGAGTTGTGTGATACCCGTAG 41 11 0 0 

R 1 GTCTGTACCAATCTAAAAGTGTATATTATATCTACGAGCCT 41 1 1 0 

R 2 ATTCTGGGGAGTGGTACGTAAGCAGTGCCACCACGGTTAT 40 1 1 0.403 

R 3 CCTTGTCATGATAGCTATGTTTCAGCCAACCATACCCGCT 40 1 1 0.403 
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Figure 2.8 Motifs found in contigs. (A) Motif 1 was highlighted in pink in Table 2.3. (B) 
Motif 2 was highlighted in yellow in Table 2.3. (C) Motif 3 was highlighted in turquois in 
Table 2.3. (D) Motif 4 was highlighted in dark blue in Table 2.3. (E) Motif 5 was 
highlighted in green in Table 2.3. 

2.4.5 Aptamer Affinity Characterization 

To further characterize the aptamers, the top three contigs and another three 

sequences randomly picked from pool 4 (Table 2.3, R1~R3) were synthesized. 

As shown in Table 2.4, the affinity of each aptamer was characterized by both 

ACE and FP. Figure 2.9 (A) shows the electropherograms obtained by titrating 5 
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nM R3 with increasing amount of VEGF. The decrease of the free aptamer peak 

started right at 5.9 nM. Notablely, from 94 nM a small peak ahead of the free 

aptamer peak showed up and increased with VEGF concentration, indicating the 

aptamer-VEGF complex. Figure 2.9 (B) is the binding curve obtained from ACE 

experiment. Kd obtained from ACE experiment was 24±11nM, which was close to 

50±11 nM from FP experiment in Figure 2.9 (C). Table 2.4 summarizes Kd values 

of the six sequences by both methods. The overall trend is that smaller Kd values 

were obtained from ACE experiments, even after modification to bound fractions 

in FP due to fluorescence quenching (see Chapter 1.3.3 for detailed calculations).  

However, most Kd ranges from ACE experiments overlapped with those from FP 

experiments. The affinities obtained for individual aptamers were also similar as 

those of selected pools and were comparable to or even better than DNA 

aptamers selected against VEGF165 or VEGF peptide.240-244 

Table 2.4 Kd values of selected aptamers  

measured by ACE and FP 

Sequence ACE* FP* 

C 1 49 ± 26 nM 101 ± 50 nM 

C 2 21 ± 10 nM 162 ± 82 nM 

C 3 66 ± 35 nM 164 ± 78 nM 

R 1 53 ± 27 nM 100 ± 84 nM 

R 2 72 ± 40 nM 88 ± 23 nM 

      R 3  22 ± 11 nM 46 ± 11 nM 

* Errors represent 95% confidence intervals. 
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Figure 2.9 (A) An overlay of electropherograms from one ACE experiment, titrating 5 nM 
R3 by increasing amount of VEGF. The VEGF concentrations were 0 M, 5.9×10-9 M, 
1.2×10-8 M, 2.3×10-8 M, 9.4×10-8 M, 3.8×10-7 M, and 7.5×10-7 M from the top to the bottom. 
The major peak was the unbound aptamer, and the minor peak indicated by arrow was 
the VEGF-R3 complex. (B) The binding curve obtained from ACE experiments. (B) The 
binding curve obtained from FP experiments performed with the same samples. In (B) 
and (C) error bars on data points represent standard deviation of three parallel 
measurements, and the errors of Kd represent 95% confidence level. 

2.5 Conclusions 

In summary, I successfully generated ssDNA aptamers for hrVEGF165 using 

CE-SELEX for the first time. Affinities of the abundant and randomly picked 
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aptamers were characterized by two orthogonal methods, ACE and FP, with 

estimated mid-nanomolar dissociation constants. The high-throughput 454 

pyrosequencing offers information of up to 3×104 sequences from each selected 

pool and the control sample, allowing an in-depth study of evolution profile of CE-

SELEX. By using home-programmed code, and online and commercially 

available software, abundant oligonucleotides and three enriched contigs were 

identified. Instead of randomly distributed in the 40 nt random region, the top 

abundant oligonucleotides appeared at the same register position, and 

overlapped each other to extend to full 40 nt-long contigs. MEME and Codon-

Code Aligner analyses on 5,000- or 3,000-sequence subgroups confirmed these 

abundant oligonucleotides and contigs, without discovery of new motifs. Although 

enriched sequences were identified, the highest abundance of 0.8% indicated the 

remained heterogeneity even in the pool with the highest binding affinity. The 

evolution profile of the undesired short products was also monitored. The sharp 

quantity increase in pool 6 and 7 was in contrast with the decrease of the three 

contigs in the same pools. A close look into the most abundant short byproducts 

revealed that they were mistakenly amplified C1. Thus, this study confirms one of 

the advantages of CE-SELEX, which is to generate aptamers beyond several 

binding motifs, benefitting from the free solution incubation and separation. On 

the other hand, the presence and increasing trend of the short products also 

impel us to develop novel technologies that can greatly increase the sample input 

and collection, in order to increase the possibility of including more high-affinity 
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ligands and decrease the error rate in PCR, to ultimately improve aptamer affinity 

and selection efficiency.251  
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Chapter 3 Isolation of DNA Aptamers Using Micro Free 

Flow Electrophoresis 
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3.1 Summary 

A micro free flow electrophoresis (µFFE) device was used to select DNA 

aptamers for human immunoglobulin E (IgE). The continuous nature of µFFE 

allowed 1.8×1014 sequences to be introduced over a period of 30 min, a 300-fold 

improvement in library size over capillary electrophoresis based selections (CE-

SELEX). Four rounds of selection were performed within four days. Aptamers 

with mid-nM dissociation constants for IgE were identified after a single round of 

µFFE selection.  

3.2 Introduction 

Conventionally, affinity selections in SELEX are performed using nitrocellulose 

membranes or affinity chromatography. The procedure and downsides were 

discussed in Chapter 1.1.2; as a result, SELEX process was labor intensive and 

time consuming. Since the earliest aptamer publications,36, 37 great efforts have 

been made to develop protocols that minimize solution volumes, are simple and 

fast, and are compatible with automated process. Cox et al. were the first to 

automate the SELEX process by incorporating the separation, PCR and 

purification apparatus into a robotic pipetting worksurface.63, 64 Twelve cycles of 

selection were completed within 42 h, reducing the selection time from several 

weeks to less than two days.  

Recent developments in microfluidics provide opportunities for improving the 

SELEX process. It is anticipated that a high throughput lab-on-a-chip device that 

combines high separation efficiency, increased PCR speed, low sample volume, 
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minimal contamination, and automation will be possible.75, 252-254 Towards this 

goal several microfluidic devices have been reported for isolating aptamers and 

were reviewed in Chapter 1.2.2, such as the microfluidic device patterned with 

sol-gel droplets on individual microheaters, the continuous-flow magnetic activate 

chip-based separation (CMACS) device84 and the micromagnetic separation 

(MMS) chip.85 However, there are limitations to each of these strategies. There 

are concerns regarding protein stability and integrity through the multiple 

selection cycles in the sol-gel-microheater device; complicated target 

immobilization procedures, elongated incubation, and the potential for non-

specific interactions with surface structures are of concern in the CMACS and 

MMS devices.  

Capillary electrophoresis based selections (CE-SELEX) address many 

common issues encountered in traditional selections.45-48 With the advantages 

discussed in Chapter 1.1.3, aptamers were usually obtained in 2-4 rounds of 

selection; on the other side, however, CE-SELEX suffered from drawbacks such 

as small sample input and complex timing to determine complex collection 

window. Micro Free Flow Electrophoresis (µFFE) provides a unique solution to 

the challenges presented by CE-SELEX. Contrary to many separations, µFFE 

can be used to continuously introduce, separate and collect analytes.93-95, 255 

Analyte is continuously streamed into a planar separation chamber. An electric 

field is applied perpendicularly to the pressure driven flow, deflecting analytes 

laterally according to their mobility. µFFE designs and separation conditions have 

been optimized allowing long term operation of the device.98, 256 µFFE separation 
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theory and sources of band broadening have been characterized.257 Unique 

µFFE detection strategies have been demonstrated.258 Most interestingly, a 

gradient technique has been developed to measure aptamer-target equilibria, 

demonstrating the feasibility of using µFFE to separate binding sequences from 

non-binding sequences.167 

This chapter describes the first successful application of µFFE in a SELEX 

selection for DNA aptamers. IgE was chosen as a target since aptamers have 

previously been selected for this protein using both traditional SELEX259 and CE-

SELEX45, 46 allowing a direct comparison with these approaches.  

3.3 Experimental Methods 

3.3.1 Materials and Chemicals  

Human myeloma IgE protein was purchased from Athens Research and 

Technologies (Athens, GA). Nuclease free H2O, forward primer 5’-FAM-AGC 

AGC ACA GAG GTC AGA TG-3’, reverse primer 5’-Biotin-TTC ACG GTA GCA 

CGC ATA GG-3’, the initial ssDNA library 5’-FAM-AGC AGC ACA GAG GTC 

AGA TG(N)40 CCT ATG CGT GCT ACC GTG AA-3’, and the selected aptamers 

were from Integrated DNA Technologies, Inc. (Coralville, IA). For PCR reactions, 

dNTPs and the 25 bp DNA ladder were from Invitrogen (Carlsbad, CA); Taq 

polymerase and ThermoPol buffer were from New England BioLabs (Ipswich, 

MA); the gel loading dye was from Promega (Madison, WI). Other chemicals 

were purchased from Sigma Aldrich (St. Louis, MO) at the highest grade 

available, except Acetic acid (CH3COOH, 99.7%, Mallinckrodt Baker), 4-(2-
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hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 99%, Alfa Aesar), MgCl2 

(99.8%, Mallinckrodt Baker), NaCl (99.0%, Spectrum), and KH2PO4 (99.9%, J. T. 

Baker). All buffers were prepared in nuclease free H2O, and filtered through 0.2 

µm membrane filters before use.  

3.3.2 µFFE Fabrication 

µFFE devices were fabricated using previously reported procedures.167 Briefly, 

three photolithography steps were performed to define the electrode channels, 

the separation channel, and pattern the electrodes onto 1.1 mm borofloat wafer 

(Precision Glass & Optics, Santa Ana, CA) according to the design shown in 

Figure 1.4 (B). The patterned chip was anodically bonded to a second borofloat 

wafer that had previously been drilled with inlet and outlet holes. Channel depths 

were approximately 20 µm in the separation channel and 100 µm in the electrode 

channels. The sample inlet hole had a diameter of 355 µm.  

3.3.3 µFFE Separation  

Before separation, the µFFE chip was coated with PEO to suppress the 

electroosmotic flow.260 Briefly, 1 M HCl was first pumped into chip at 6 mL min-1 

for 10 min, followed by 0.2% PEO in 0.1 M HCl at 3 mL min-1 for 10 min. Finally, 

the separation buffer (25 mM HEPES, 300 µM Triton X-100, adjusted to pH 7.0 

by 1M NaOH) was pumped at 6 mL min-1 for 10 min to remove HCl and unbound 

PEO. Before the selection, the ssDNA library was heated to 72 °C for 5 min and 

then gradually cooled to room temperature. For the 1st round of selection, 100 

µM random sequence ssDNA library was incubated with 10 nM IgE at room 

temperature for 20 min in the binding buffer (tris(hydroxyamino)methane-glycine-
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potassium (TGK) buffer, composed of 25 mM tris(hydroxyamino)methane, 192 

mM glycine, and 5 mM KH2PO4 at pH 8.3). The following IgE concentrations 

were used in subsequent selection rounds: 10 nM in the 2nd round, 1nM in the 3rd 

round, and 100 pM in the 4th round. The mixture (40 µL in total ) was then loaded 

into a 100 µL syringe (Hamilton Company, Reno, NV), and pumped into the 

µFFE chip (Figure 3.1, hole (2)) using a syringe pump (PicoPlus, Harvard 

Apparatus, Holliston, MA) at 100 nL min-1. The separation buffer was pumped 

into the device (Figure 3.1, hole 1) using a second syringe pump (pump 22, 

Harvard Apparatus) at 1 mL min-1. An electric field of 150 V cm-1 was applied 

across the chip so that the nonbinding ssDNA was separated from aptamer-IgE 

complexes. A stable current of 0.32 mA was observed over the 30 min 

separation time. With EOF suppressed, the free ssDNA and the complex were 

split into two fractions (Figure 3.1, holes 3) and collected separately.  

3.3.4 Laser Induced Fluorescence (LIF) Detection  

The beam from a solid state laser (488 nm, 50 mW, Newport Corp, Irvine, CA) 

was expanded into a line and focused across the separation channel 1.5 cm 

downstream from the sample inlet. A microscope objective (3× zoom) was 

positioned above the detection zone. Fluorescence images were recorded every 

second using a Cascade 512B CCD camera (Photometrics, Tucson, AZ) through 

an AZ100 stereomicroscope (Nikon Corp., Tokyo, Japan). An Endow GFP 

bandpass emission filter cube (Nikon Corp., Tokyo, Japan) consisting of a 

dichroic mirror (495 nm cutoff) and two bandpass filters (450-490 nm and 500-

550 nm) were used for wavelength selection. Images were processed using 
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MetaVue software (Downington, PA). Linescans were also recorded using 

MetaVue, and later analyzed in Cutter 7.0.261 

3.3.5 PCR Amplification and Purification  

Collected sequences were PCR amplified immediately after each selection 

round. In the final reaction vials, there were 1 mM each of the four dNTPs, 7.5 

mM MgCl2, 500 nM forward and reverse primers, 1× ThermoPol buffer and 0.05 

units/µL Taq polymerase. A negative control with all PCR reagents but no ssDNA 

was also performed every round to verify the absence of background 

contamination. 23 cycles of denaturation (94 °C, 30 s), annealing (55 °C, 30 s), 

and extension (72 °C, 20 s) were performed, with a final extension at 72 °C for 5 

min to ensure the protruding adenine nucleotide was incorporated in the newly 

synthesized template to facilitate cloning reaction. A 1.5% agarose gel with 

ethidium bromide staining was used to confirm the presence of the desired PCR 

products. Single stranded FAM labeled DNA sequences were obtained using an 

on column purification followed by the ethanol precipitation.46 

3.3.6 Dissociation Constant Kd Measurements  

Affinities of the selected pools and individual aptamer sequences were 

measured using both affinity capillary electrophoresis (ACE) and fluorescence 

polarization (FP). Approximately 2.5 nM ssDNA samples were titrated with 

increasing concentrations of human IgE. A commercial CE system (P/ACE MDQ, 

Beckman Coulter, Inc., Fullerton, CA) equipped with laser induced fluorescence 

detection (λex = 488 nm, λem = 520 nm) was used to perform ACE experiments. 

Samples were injected into a 50 cm long, 50 µm i.d. fused-silica capillary 
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(Polymicro Technologies, Phoenix, AZ) at 1 psi for 4 s. The separations were 

then performed at 30 kV in TGK buffer. The peak heights of the unbound ssDNA 

were used to calculate the bound fractions and estimate Kd using the following 

equation:262 

)))[P]4[D])K+[P]+(([D]K+[P]+0.5([D]([P]
K

+1

c
=f

0.5
tt

2
dttdttt

d
a  Equation 3.1 

in which fa is the bound fraction, [P]t, [D]t, and c are total IgE concentration, total 

DNA concentration, and maximum bound fraction, respectively. [P]t - 0.5([D]t + 

[P]t + Kd - (([D]t + [P]t + Kd)
2 - 4[D]t[P]t)

0.5) represents the free IgE concentration.  

In FP experiments, 15 µL of the same samples used in ACE were loaded into a 

corning 3540 microplate (Corning Incorporated, Corning, NY) and experiments 

were performed on a SynergyTM 2 Microplate Reader (BioTek Instruments, Inc., 

Winooski, VT). Parallel and perpendicular intensities (λex = 485 ± 20 nm, λem = 

520 ± 20 nm) were measured, and polarization values were calculated using Gen 

5TM software (BioTek Instruments, Inc., Winooski, VT). The bound fraction was 

determined according to: 

                                                                        
om

o
a P-P

P-P
=f                                                    Equation 3.2 

In which P, Po and Pm are the measured polarizations of a sample, free DNA, 

and the complex, respectively. Meanwhile, the overall fluorescence intensity was 

monitored and corrections to the bound fractions were made according to the 

intensity change as previously reported.163  

3.3.7 DNA Cloning and Sequencing  
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A TOPO TA Cloning® Kit for Sequencing (Invitrogen, Carlsbad, CA) was used 

to perform cloning reactions and grow colonies. Briefly, 1 µL of the selected 

ssDNA from pool 1 through pool 4 was added to 99 µL PCR master mixes and 

amplified separately, as described above, except using unlabeled forward and 

reverse primers. 4 µL of the 100 µL fresh PCR products were incubated with 

TOPO® vector at room temperature for 5 min to allow the cloning reactions to 

take place. The inserted vectors were then chemically transformed into One 

Shot® TOP10 competent E.coli cells. The mixtures were incubated in a 37 °C 

shaking incubator for 30 min and then spread onto selective plates containing 50 

µg mL-1 kanamycin. For each pool, two agar plates were used to grow colonies, 

which produced 300 to 400 colonies. Individual colonies were then randomly 

picked and cultivated in a 96 well plate with liquid LB containing 50 µg mL-1 

kanamycin at 37 °C for another day. Cell pellets were sent to the Biomedical 

Genomics Center at the University of Minnesota for Sanger sequencing. Since 

some wells of the plate were used as controls, and some pellets were not 

sufficient to obtain confident sequencing information, 23, 28, 19, and 6 

sequences were obtained from pools 1, 2, 3, and 4, respectively (see Table 1 for 

aptamer sequences). 

3.4 Results and Discussion 

3.4.1 µFFE Selection  

Figure 3.1 (A) demonstrates the µFFE separation observed during the first 

round of selection. An electric field of 150 V cm-1 was applied across the flow 
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channel. Unbound ssDNA sequences were deflected toward the anode due to 

the suppressed electroosmotic flow (EOF). The aptamer-IgE complexes, which 

were only deflected minimally, were well separated from the unbound sequences. 

It should be noted that µFFE facilitates collection of analytes with low mobilities. 

Pressure rinses were necessary to observe or collect aptamer-IgE complexes in 

previously reported CE separations. The flow was split into two streams at the 

exit of the µFFE separation chamber. The IgE-DNA complexes were collected 

into a centrifuge tube through the tubing connected to the right nanoport. This 

continuous collection strategy was much simpler than that of CE-SELEX, 

eliminating the complicated timing associated with collecting complexes as they 

migrated off the end of a capillary. A linescan (Figure 3.1 (B)) recorded across 

the detection zone reinforces how well resolved the binding sequences are from 

the non-binding sequences. The high concentration of library (100 µM) used in 

the first round of selection caused the signal for the unbound sequences to go off 

scale but this was not a concern since the primary goal was to identify the 

position of the peaks for accurate fraction collection, not quantitation.  

In the first round of selection, 100 µM of fluorescently tagged ssDNA library 

was incubated with 10 nM IgE in TGK binding buffer for 20 min. After incubation, 

3 µL of the library-IgE mixture was introduced into the µFFE device over a period 

of 30 min, which corresponded to 1.8×1014 sequences. A typical CE separation 

only allows a discrete injection of approximately 8 nL.48 Over 300-fold more 

volume, and therefore sequences, could be introduced into the µFFE device. The 
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number of sequences could easily be increased further by increasing the analyte 

flow rate, library concentration, or collection time.  

 

Figure 3.1 (A) An image of a µFFE separation of free (1) and bound ssDNA (2) recorded 
during selection cycle 1. The fraction collection channels and outlet ports are clearly 
visible in this image. (B) A linescan across the detection zone imaged in (A). The arrow 
indicates the fraction cutoff point at the exit of the µFFE channel demonstrating clear 
separation of free (1) from bound (2) ssDNA. The anode is on the left in all images.  

The multiple-depth µFFE design98 generated high flow over the electrodes to 

dissipate electrolysis bubbles while minimizing flow, and therefore dilution, in the 
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separation chamber. The dilution factor is defined as the ratio of the collected 

sample volume to the introduced sample volume. In a µFFE device, the planar 

flow profile can be described using lubrication theory according to the following 

equation:263 

                                                    
ηL 12

w∆PH
=q

3

                                        Equation 3.3 

In which q is the volumetric flow rate, ∆P is the pressure difference, H is the 

channel depth, w is the channel width, η is the buffer viscosity, and L is the 

channel length. Comparing the electrode and separation channels: the ratio of 

the channel depths is 20 µm/100 µm = 0.2 (separation channel/electrode 

channel), the ratio of channel widths is 10 mm/ (2×2 mm) = 2.5 (i.e. two electrode 

channels), and the ratio of channel lengths is approximately 1. The ratio of flow 

volume through the channels is 0.23×2.5/1 = 1: 50 (separation channel/electrode 

channel). Solution is only collected from half of the separation channel. As a 

result, approximately 1% of the total volume through the µFFE device is collected. 

Over a period of 30 min, 30 mL separation buffer and 3 µL sample are introduced 

into the chip, resulting in a collected volume of 300 µL. This calculation agrees 

very well with experimental results. Comparing with 3 µL of library injected yields 

a modest 100-fold dilution of the binding sequences during the µFFE separation. 

This compares favourably with dilution factors of 6,000 typically encountered in 

CE-SELEX.45-48 The higher DNA concentration in the collected fraction and 

increased volume collected facilitates PCR and decreases the potential for 

contamination or non-specific amplification. Furthermore, the transit time through 
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the µFFE flow chamber is only 10-20 s, greatly decreasing the potential for 

dissociation during the separation when compared to CE, in which separations 

typically take 5-15 min. The electric field applied in µFFE (150 V cm-1) is also 

lower than that typically used in CE-SELEX (~500 V cm-1), further decreasing the 

potential for dissociation.  

3.4.2 Aptamer Characterization.  

Four rounds of µFFE selection were performed. The affinity of the selected 

pools for IgE was monitored using two orthogonal methods:250 fluorescence 

polarization (FP)163 and affinity capillary electrophoresis (ACE)45 (see 

Experimental Methods, Dissociation Constant Kd Measurements). As shown in 

Figure 3.2, the initial library had a low affinity for IgE in TGK buffer, (Kd = 

460±160 nM and 550±280 nM as measured by FP and ACE, respectively). A 

significant improvement in affinity was observed after a single round of µFFE 

selection, with Kd values of 29±15 nM and 58±55 nM measured by FP and ACE, 

respectively. No further improvement in affinity was observed after the second 

round of selection. IgE concentration was decreased by a factor of 10 (1 nM) in 

the third round of selection and by a factor of 100 (100 pM) in the fourth round of 

selection in an effort to improve the stringency of the selection. However, the 

enhanced stringency did not result in improved affinity for IgE, suggesting that 

the selection had converged after a single round of µFFE selection.  

Aptamers were randomly cloned and sequenced from the DNA pools after 

each round of selection. 23 sequences were identified from round one, 28 
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sequences from round two, 19 sequences from round three, and 6 sequences 

from round four. Random regions of these sequences were listed in Table 3.1. 

 

Figure 3.2 Kd of the starting library and the selected pools measured by fluorescence 
polarization (FP) and affinity capillary electrophoresis (ACE). Error bars represent 95% 
confidence interval. 

Table 3.1 Aptamer sequences from round one through round four (random regions) 

Clone Sequence (5’3’) 

1.1 

1.2 

TTATCAACGCGTCTGTCCTATAAAACTCATGTAAATTAAT 

CCTGTGTCCATTATATGCTAAGGAAATTCATTACGTTCCT 

1.3 GGACTAACTCATGATTCAGTACGATAGATCCTACCATTTC 

1.4 ATCATAGGTCTGCTTGCTTGTATTATTTGAGCGGTCCATC 

1.5 GCTATAACTCAGATTACAATATTTTGAATTGGTCCCAAT 

1.6 TAGCAAGAGTACTGAGTAAATCTACAATTTCAGCCATTAA 

1.7 ATTCCAAAGTTCCATCTAAAGCGATTATAGGGTACTT 

1.8 GGCGCGGTTTCTGGTTCTGGATCGGCTCCACGGCTG 
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1.9 TTGAACGAAACACTAATTAAATGGTTTTCTCGTTAAGCGA 

1.10 ACCTGACCTTTTATCTCTCAGCTATAATTTTGCCTTTGTT 

1.11 

1.12 

GTTAACAACTTCGCATTAACGACTATAGCATCGGCCTGTA 

AATTTCTATCGTCAGTTTATGAATCGGGAGGAAGCGCGG 

1.13 ACTTAGTTCAGAATATGAGTACTATGGTATAAGGTCGATC 

1.14 GATCATCCTTTTAAAGACGGAGCTCTTATATTATTAGAAT 

1.15 GCGCATTATCCTAGGCGCTGGGAGGCTCTATTAAGGCCGGG 

1.16 GCTTGGTTTTTAGTTATCAAAAGATCGTGTAGCCACATTT 

1.17 ACAGTAAGTGTACTAGAATAGCGTGCTCAAACCGTTAGAG 

1.18 GAGGGTATTAAGCTATAAATTATTGCGGGAACCCCGTTAT 

1.19 CCCAGCACAGTTCTTGTCATTTAGAGGTATTATTGTGGTT 

1.20 CTAGATATTATTGGCATGAAGACTCTACTGAAGGGACATG 

1.21 CGAGTTTTAATATAAAGCTACAATTATTGAGCACGTTGAA 

1.22 TGGAGGGTGTGTCTAAGTTCCGCGTGTGTGATGTGGACTA 

1.23 CTTACCTCCCTCACGATAACCCGGAAGTAGTCGACTAACC 

2.1 CCAGCGTTAGAGACTCCGACCTGGTGACATGTATTCACAA 

2.2 AGTTGCCCAGCTTATTCCGGACAATAATAGTGGCGGTTTG 

2.3 TCACATGCATAAATATACAGTCCTTTTTGTGCTCAACA 

2.4 TGCTCCAATTTCAAGCTGTTGCATCTAGGCTAAAGTGCAT 

2.5 CAGGGCAATGTTATGTGTTAGGAAAATATTAAGCACTG 

2.6 AGGGGTTAGATATGAAACGTTTAGTTGGGGGGTCGGAAAA 

2.7 ATCAACGTAAGCTTTTCTCCATTATTAAGTAGTCCTAAAG 

2.8 AGCACATGGGATCAGTTCTCTTCTGTATGCGCATAGAGGT 

2.9 TCGGGTATCCTTATAACATTAAGGCTAACTCATTAGTTTA 

2.10 CATTTCCGTAGCACTCCTCTCTAATAGGGTAAAGATTTAG 

2.11 CTTAAAAACGTTCAACCTGCGTGCTTATTTCATACTACTG 

2.12 GAATACCGTACGGTGCTCGGTAGTGGTGGTCCCGGTTAGA 

2.13 CTCCCGCATACAAAAATAATTTATTAGTCATTATTTCGCA 

2.14 CTTCGGGCTATGTCATAGAACTGATAGGTAGGTGTTTAAG 

2.15 ACGTTCGGGAAATTCTCAGAGTGATACGCTGTTTTTAATA 

2.16 GCTTTGGGGATGAATCTCATGATATTATGTTCTCACC 

2.17 AGGCTTAACACGTATCGCCCAGTCATATAGCCAATCACAG 

2.18 CAAGTCTCGACGATAATTTAGGCTATAATAGTCCTACACA 

2.19 CATTAGGTTGCGGCGGACTTTGATGGTTGCTGGGGCGG 

2.20 TGGAGACTGCTGTGCTGGGGTCGGTTGAGATAGTGAGGGG 
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2.21 GTCAAAAGCTTATTCGTTGAGTAAGTGCGATCAACGACCA 

2.22 TTCCATATAGGCGACCATGCTGTCAGGTCCGCATCTATA 

2.23 AAGCATTGATCCTAGCGTTAGGCTATGGCTTTTACTTAAA 

2.24 CTCCCGCATACAAAAATAATTTATTAGTCATTATTTCGCA 

2.25 GTAGCTTGCGTGTAAATAAATTCACAAGACACTGGTGATC 

2.26 TGCGTGTCGCTATTAAGTGACTCCTAGGGGCTAACTAGTG 

2.27 GTCAAAAGGGCGCTTGTTTGGCGGGGTAATTCTCTACGAT 

2.28 GATTAGTATCCGAGCAGTATGAAGTAACTTGCGTGGCGTA 

3.1 TATACCACGTTTTATGGCTTTCATTCATTCTCATAATGGG 

3.2 TAACTAGATCGTATATACGCGTATGAAGGTTCGTTAATAG 

3.3 AGGCGGATATGGTTTCTCTTTCGAGGTGGTTTTCCAGGT 

3.4 GGCTGAGTTTACATTTTATAGTAGTAATGAAACTTTCAAA 

3.5 TATAGTTATTTTCAATGTTTCTAGGTACAGTGTGGTATAA 

3.6 TATGCAAATGTTCTCAGTCGTGAAAACCTTGCTTATGTTC 

3.7 AATGAGTACAGATTTGGTCCTAAGCTTCTCTATTTAAAGA 

3.8 TTTAGGTCGCTCAGTACAGGCCATCTTATTTGTCTGAGAT 

3.9 AAGTTAAAGAATGGGCGTTTTGTGTAAATCAATAAGTCAA 

3.10 GTCAGAGGGGTAGCTTGATGGTGGGTGCGGGGGGGCGAGT 

3.11 TACTTATTTTAGCCCTGTTCTCATTCTGCTTAGCGAACAA 

3.12     TGATTGTTAACCGGCTTGTGTGGTCCATATTCCATCTCC 

3.13 CATATAGTCTGCAAGTGGGAAACTGGTTATAGACCTCACCC 

3.14 TATAGTTATTTTCAATGTTTCTAGGTACAGTGTGGTATAA 

3.15 TCGCAGCTCGGTTGATCAGTGGCGGGGCTCCCGTCTTTGT 

3.16 TTGATGTTCTCCGTTCTGCCGTTTAACTCAGTTTAGGCAC 

3.17 ATACTCCAAAATCTATGAAAACGATGCGAACCAACTACTT 

3.18 TATATATCGATACATTTTTACTGCAGCCTACCAAACGTGC 

3.19 GAACGCTTCCGCATGTTAGCGTCTTAAGCTGCGTCTACTC 

4.1 GTTCTAGAAGTGCACTTTATAAGTATCGGTTAAGTAACTT 

4.2 ATTCTGGGGAGTGGTACCTACCAGTGCCACCCCCGTTAT 

4.3 ATGTTAGGTGTGAACCGTAGTAGGTAAGGTTGAAATCACG 

4.4 ATTCTGGGGAGTGGTACGTAAGCAGTGCCACCACGGTTAT 

4.5 ATTCTGGGGAGTGGTACGTAAGCAGTGCCACCACGGTTAT 

4.6 ATTCTGGGGAGTGGTACGTAAGCAGTGCCACCACGGTTAT 
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These sequences were analyzed to identify homologous sequences or motifs. 

As show in Table 3.2, no identical or similar sequences were found in round one; 

2 identical sequences were found in rounds two and three; 3 identical sequences 

were found in round four with a 4th sequence demonstrating 89% similarity as 

revealed by software ClustalW2®. It should be noted that sequences that 

appeared multiple times in one round did not share any conserved regions or 

motifs when compared with sequences isolated form other rounds. Although the 

number of the clones was limited, identification of identical sequences in such a 

small sample size suggests a decrease in diversity as the pool converged. This is 

particularly evident in round four, where 4 out of 6 sequences isolated were very 

similar. The affinities of all sequences identified multiple times were measured by 

FP and ACE (see Table 3.2). The measured dissociation constants were 

remarkably similar and agreed well with the affinities measured for the bulk pools. 

Finally, three aptamers were chosen from the cloned sequences obtained from 

rounds one and three using a random number generator. Dissociation constants 

for each of these sequences are shown in Table 3.2 (see Figure 3.3 for 

representative binding curves).  

Table 3.2 Kd of selected aptamers 

Aptamera) FP Kd
b) ACE Kd

b) 

Multiple copy sequences identified 

Clone 2.13 and 2.24 20 ± 4 nM 136 ± 58 nM 

Clone 3.5 and 3.14 29 ± 7 nM 33 ± 21 nM 
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Clone 4.4, 4.5, and 4.6 39 ± 20 nM 58 ± 17 nM 

Clone 4.2 44 ± 15 nM 62 ± 29 nM 

Randomly chosen sequences from pool one and pool three 

Clone 1.4 23 ± 6 nM 58 ± 33 nM 

Clone 1.13 22 ± 6 nM 63 ± 17 nM 

Clone 1.18 32 ± 11 nM 66 ± 35 nM 

Clone 3.2 20 ± 7 nM 50 ± 27 nM 

Clone 3.9 29 ± 11 nM 62 ± 16 nM 

Clone 3.11 28 ± 13 nM 47 ± 17 nM 

a) Aptamers were given unique identifiers where the first number gives the selection round and 
the second number identifies a particular sequence cloned in that round. b) Errors represent 95% 
confidence interval. 

No statistical difference was observed between sequences obtained after one 

or three rounds suggesting that the selection had converged after a single round 

of µFFE selection. Kd values for sequences chosen randomly were statistically 

indistinguishable from those that appeared multiple times in the cloning results. 

This result is similar to previous CE-SELEX selections that yielded seemingly 

diverse pools of aptamers with similar affinities.45, 46 It should be noted that every 

sequence assessed demonstrated low nM affinity for IgE, even in the absence of 

negative selections, suggesting that similar to CE-SELEX, performing selections 

in free solution diminishes the opportunity for non-specific interactions. 

Dissociation constants measured using ACE were consistently higher than those 

measured using FP. Yang et al. have demonstrated that the high electric field of 

CE can affect observed half-lives and binding constants of protein complexes.264 
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This raises a concern regarding the high field typically used in CE-SELEX and 

whether this field modifies the selection environment, affecting the applicability of 

the selected aptamers. Buchanan et al. have demonstrated that a combination of 

low electric field and shorter time in the field minimize dissociation of aptamer-

target complexes during a CE separation.265 In practice this can be difficult to bal- 

 

Figure 3.3 Binding curves for sequence 3.9, obtained using (A) FP and (B) ACE. Three 
measurements were taken at every IgE concentration. Error bars represent standard 
deviation. Errors of the Kd values represent 95% confidence interval.  
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ance in CE since separation time is inversely proportional to electric field. µFFE 

does not share this difficulty since electric field and separation time can be 

optimized independently. This unique property of µFFE is advantageous allowing 

more control over separation conditions when compared to CE.  

Aptamers for IgE obtained using µFFE demonstrate similar dissociation 

constants to those obtained previously using CE-SELEX (~20 nM)45, 46 and 

conventional SELEX (~10 nM).259 It should be noted that these aptamers were 

obtained after a single round of µFFE selection, which compared favourably with 

the 2-4 rounds required by CE-SELEX45, 46 or the 15 rounds required by 

conventional SELEX.259  

3.5 Conclusions 

In conclusion, we demonstrated the advantages of isolating aptamers using 

µFFE selections. Within 30 min of continuous µFFE separation and collection, 

1.8×1014 sequences were assessed, a 300-fold improvement over CE-SELEX. 

µFFE also eliminated the complicated timing associated with fraction collection in 

CE-SELEX. Four selection cycles were completed within four days. Low 

nanomolar affinity sequences were identified after a single round of µFFE 

selection, suggesting that aptamers could be obtained even faster. Although the 

device was expected to have lower separation efficiency than CE, obtaining high 

affinity aptamers after a single selection round suggests a high rate of 

enrichment was achieved. The free solution µFFE separation simplifies the 

protocol, eliminating the need for target immobilization, elongated incubation, or 
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negative selections. With these advantages, we believe that µFFE device can be 

readily adopted to select aptamers for a wide range of targets.  
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Chapter 4 Tunable Control of PLN Binding to ssDNA and 

µFFE-SELEX Study on SERCA 
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4.1 Summary 

PLN regulated SERCA plays a crucial role in normal cardiac functions. Heart 

failures are usually related to an abnormal change in the ratio of PLN to SERCA. 

Besides gene transfer therapy, aptamers for PLN or SERCA may tune the ratio 

of PLN to SERCA, and therefore are important in curing heart failure. In this 

chapter, the discovery of molecules that bind PLN with high pM dissociation 

constants is described. Factors affecting the binding, in terms of base order, 

sequence length, and sequence structure are discussed. In addition, attempts to 

generate aptamers toward SERCA using µFFE-SELEX are also described, with 

the selected ssDNA pool showing high nM binding affinity. 

4.2 Introduction 

Cardiac Ca2+ cycling has been reviewed in Chapter 1.4.3, along with the critical 

role of SERCA and the important regulation by the endogenous inhibitor PLN. In 

human heart failure, the SERCA level is often found to decrease while the level 

of PLN is unchanged.266-268 The ratio of PLN to SERCA thus increases, which 

results in a prolonged cardiac relaxation and a decreased Ca2+ affinity by SERCA. 

At the same time, phosphorylation of PLN at Ser 16 and Thr 17 is decreased, 

which means more PLN molecules stay in the dephosphorylated state with 

inhibitory effect to SERCA.266, 269  

Two strategies have been proposed for curing: one is to increase the SERCA: 

PLN ratio, and the other is to increase the phosphorylation of PLN. Recombinant 

adenovirus-mediated gene transfer has been employed to over express 
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SERCA2a for rats having heart failure.270 Ca2+ uptake and cardiac contractility 

were observed to increase, and the improved cardiac function allowed rats to 

survive heart failure.271, 272 Similarly, PLN antisense RNA and non-functional PLN 

mutants which mimic phosphorylated PLN were expressed using gene transfer to 

decrease the overall PLN inhibitory effect.273-275  

Although these methods show good efficacy and promise in curing heat failure, 

gene transfer is indirect, inconvenient and expensive. Here in this chapter, I wish 

to report the discovery of ssDNA sequences’ binding to PLN with high affinity. 

Importantly, the binding is irrelevant to the base order of the ssDNA sequences, 

but is dependent on length, varying from high nM Kd for 10 nt sequences to high 

pM Kd for sequences with the length equal to or above 80 nt. SERCA activity 

assays performed by Dr. Raffaello Verardi indicate that these ssDNA sequences 

can relieve the inhibitory effect of PLN to SERCA in reconstituted lipids, and the 

tunable recovery of SERCA activity is also length dependent (unpublished 

results). Our discovery shows that ssDNA sequences provide important structural 

information in drug design, and may open up a new path for curing heart failure.  

Aptamers for membrane proteins have been generated using the peptide 

regions, and using membrane preparation or whole cell lines as discussed in 

Chapter 1.4.2. Both methods suffer from disadvantages associated with the 

target preparations: aptamers selected against peptides or truncated proteins 

have weak or no affinity towards the intact proteins,276 and selections against 

membrane preparation or whole cell lines are long, tedious,193 and limited by cell 

viability206 and background binding.190-192 In Chapter 3, I have demonstrated the 
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success of µFFE as an improved separation platform for SELEX. Similar to CE, 

µFFE keeps the benefits from free solution separation, such as more binding 

access to the target and no nonspecific binding to immobilizing linkers or 

supporting materials. Moreover, this technique offers more advantages than CE. 

1.8×1014 sequences can be injected on chip within 30 min in the first round of 

selection, which was a 370-fold improvement.251 The low electric field in µFFE is 

more compatible with complex targets consisted of more than one molecule. The 

fraction collection is based on spatial difference, which is more suitable to collect 

the low mobility aptamer-target complexes that barely move on capillary. SERCA 

can be solubilized in aqueous solutions by surfactant C12E8 protecting the 

hydrophobic transmembrane domain. An aptamer of SERCA would be an ideal 

drug candidate if it does not decrease SERCA activity but interferes the binding 

between PLN and SERCA. In addition, aptamers could be ideal molecular probes 

to quantify or track the membrane protein for various purposes both in vitro and 

in vivo. In this chapter, we report a further application of µFFE-SELEX platform, 

which is to isolate DNA aptamers for SERCA solubilized in C12E8. To our best 

knowledge, this is the first attempt to generate aptamers for a pure whole integral 

membrane bound protein using any form of SELEX technique.  

4.3 Experimental Methods 

4.3.1 Materials and Chemicals 

SERCA1a isoform and recombinant PLN solubilized in surfactant C12E8 were 

gifts from Dr. Verardi and Dr. Veglia from Department of Biochemistry, Molecular 
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Biology, and Biophysics, at the University of Minnesota. All the ssDNA 

sequences for PLN binding assay listed in Table 4.1, the initial random ssDNA 

library 5’-FAM-AGC AGC ACA GAG GTC AGA TG(N)40 CCT ATG CGT GCT 

ACC GTG AA-3’ for aptamer selection, forward primer 5’-FAM-AGC AGC ACA 

GAG GTC AGA TG-3’ and reverse primer 5’-Biotin-TTC ACG GTA GCA CGC 

ATA GG-3’ for PCR reactions, and nuclease free H2O were purchased from 

Integrated DNA Technologies, Inc. (Coralville, IA). For PCR reactions, Taq 

polymerase and ThermoPol buffer were from New England BioLabs (Ipswich, 

MA); dNTPs and the 25 bp DNA ladder were from Invitrogen (Carlsbad, CA); gel 

loading dye was from Promega (Madison, WI). Other chemicals were purchased 

from Sigma Aldrich (St. Louis, MO) at the highest grade available, except Acetic 

acid (CH3COOH, 99.7%, Mallinckrodt Baker), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, 99%, Alfa Aesar), MgCl2 (99.8%, 

Mallinckrodt Baker), KCl (99.5%, Mallinckrodt Baker), CaCl2 (99.9%, Mallinckrodt 

Baker), NaCl (99.0%, Spectrum), 3-Morpholinopropanesul-fonic acid (MOPS, 

99.5%, Fluka Analytical), and DL-Dithiothreitol (DTT, 99.0%, MP Biomedicals). 

In ssDNA-PLN binding study, the binding buffer in both ACE and FP 

experiments contained 20 mM MOPS, 0.1% (w/v) Octaethylene glycol 

monododecyl ether (C12E8), 0.25 mM DTT, 1mM MgCl2, 1mM KCl, and 5 mM 

CaCl2 at pH 7.0 (pH adjusted by 1M NaOH). Separation buffer in ACE consisted 

of 20 mM MOPS and 0.1% (w/v) C12E8 at pH 7.0 (pH adjusted by 1M NaOH). In 

µFFE-SELEX, 28 µM SERCA aliquots were stored at -80 °C in the storage buffer 

composed of 20 mM MOPS, 0.1% (w/v) C12E8, 0.25 mM DTT, 1 mM MgCl2, 1 
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mM CaCl2, 1 mM KCl, and 20% (v/v) Glycerol at pH 7.2 (pH adjusted by 1M 

NaOH). The binding buffer had the same recipe as the storage buffer, except that 

no glycerol was included. Separation buffer was made of 25 mM HEPES and 300 

µM Triton X-100 at pH 7.2 (pH adjusted by 1M NaOH). All buffers were prepared 

in nuclease free H2O, and filtered through 0.2 µm membrane filters before use. 

4.3.2 µFFE Fabrication 

µFFE devices were fabricated in Nanofabrication Center at the University of 

Minnesota, following previously reported procedures.167 The devices had exactly 

the same design as demonstrated in Chapter 3 by Figure 3.1. Briefly, two 

photolithography steps were performed to create the multiple-depth design with 

100 µm deep electrode channels and a 20 µm deep separation channel on a 1.1 

mm borofloat wafer (Precision Glass & Optics, Santa Ana, CA). Then a third 

photolithography step was performed to pattern the electrodes into the electrode 

channels. The chip was anodically bonded to a second borofloat wafer that had 

previously been drilled with inlet and outlet holes and deposited with amorphous 

silicon (aSi). The sample inlet hole had a diameter of 355 µm and was about 2 

cm away from the split point close to the outlets. After Anodic bonding nanoports 

(Upchurch Scientific, Oak Harbor, WA) were attached to the inlet and outlet holes, 

and silver conductive epoxy was deposited to create the connection between 

electrodes and power supply.   

4.3.3 µFFE Separation and online LIF Detection 

µFFE chip was coated with PEO to suppress EOF before use.260 Briefly, 1 M 

HCl, 0.2% PEO in 0.1 M HCl, and separation buffer were pumped into chip for 10 
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min at 6 mL min-1, 3 mL min-1, and 6 mL min-1, respectively. FAM labeled ssDNA 

library was heated to 72 °C for 5 min and then naturally cooled down to room 

temperature. For the 1st round of selection, 125 µM random ssDNA library was 

incubated with 100 nM SERCA at room temperature for 20 min in binding buffer. 

SERCA concentration was reduced to 10 nM in the 2nd round, and further 

reduced to 1 nM for the rest of the selection (the 3rd to 5th round). 40 µL of 

ssDNA-SERCA mixture was loaded into a 100 µL syringe (Hamilton Company, 

Reno, NV), and pumped into the µFFE chip at 100~150 nL min-1 using a syringe 

pump (PicoPlus, Harvard Apparatus, Holliston, MA). Separation buffer was 

pumped into the device at 1 mL min-1 using another syringe pump (pump 22, 

Harvard Apparatus). An electric field of 150 V cm-1 was applied across the chip to 

separate the unbound ssDNA from the ssDNA-SERCA complex. 

A solid state laser beam (488 nm, 50 mW, Newport Corp., Irvine, CA) was 

expanded into a line and focused across the separation channel 1.5 cm 

downstream from the sample inlet. Fluorescence images were recorded every 

second using a Cascade 512B CCD camera (Photometrics, Tucson, AZ) through 

an AZ100 stereomicroscope (Nikon Corp., Tokyo, Japan) with a microscope 

objective (3×zoom) positioned right above the detection zone. An Endow GFP 

bandpass emission filter cube (Nikon Corp., Tokyo, Japan) was equipped in the 

microscope, consisting of a dichroic mirror (495 nm cutoff) and two bandpass 

filters (450-490 nm and 500-550 nm) for wavelength selection. Images and 

linescans were processed using MetaVue software (Downington, PA).  

4.3.4 PCR Amplification and Purification 
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SERCA bound sequences were collected from µFFE device and PCR amplified 

with the following recipe: 1 mM each of the four dNTPs, 80 mM KCl, 7.5 mM 

MgCl2, 500 nM forward and reverse primers, 1× ThermoPol buffer, and 2.5 units 

of Taq polymerase in a final volume of 80 µL for each reaction vials. 20 reactions 

were performed for each selection, from which 2 were negative controls and the 

rest 18 were spiked with collections. 20 cycles were performed with 30 sec 

denaturation at 94 °C, 30 sec annealing at 55 °C, and 20 sec extension at 72 °C. 

Agarose gel electrophoresis with ethidium bromide staining and UV-vis imaging 

were applied to check the quality of the PCR products. Then a previously 

established column purification procedure was used to purify the products into 

the desired single stranded FAM labeled DNA sequences,46 followed by ethanol 

precipitation, drying by CentriVap Concentrator (Labconco Corp., Kansas City, 

MO), and solubilization in binding buffer.  

4.3.5 Binding Characterization 

For PLN-ssDNA Kd measurements, both ACE and FP were employed. 

Approximately 2.5 nM ssDNA samples were titrated with increasing 

concentrations of PLN in MOPS binding buffer. All ACE experiments were 

performed on a commercial CE system (P/ACE MDQ, Beckman Coulther, Inc., 

Fullerton, CA) equipped with laser induced fluorescence detection (λex = 488 nm, 

λem = 520 nm). Samples were hydrodynamically injected at 1 psi for 4s, into a 50 

cm long fused silica capillary with 50 µm i.d. (Polymicro Technologies, Phoenix, 

AZ). Separations were then performed at 30 kV in MOPS separation buffer with 

reversed polarity. This is because EOF was greatly suppressed in the presence 
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of C12E8 and the unbound ssDNA moved toward the anode. Peak heights of the 

unbound ssDNA were used to calculate the bound fractions and estimate Kd 

using the following equation:262 

)))[PLN]4[DNA]-)K+[PLN]+(([DNA]-K+[PLN]+0.5([DNA]-([PLN]
K

+1

c
=f

0.5
tt

2
dttdttt

d
a

Equation 4.1 

in which fa is the bound fraction, [PLN]t, [DNA]t, and c are total PLN concentration, 

total DNA concentration, and maximum bound fraction, respectively. [PLN]t - 

0.5([DNA]t + [PLN]t + Kd - (([DNA]t + [PLN]t + Kd)
2 - 4[DNA]t[PLN]t)

0.5) represents 

the free unbound PLN concentration.  

The exactly same samples used in ACE were loaded into a corning 3540 

microplate (Corning Incorporated, Corning, NY) for FP measurements. The 

experiments were performed on a SynergyTM 2 Microplate Reader (BioTek 

Instruments, Inc., Winooski, VT). Parallel and perpendicular intensities (λex = 485 

± 20 nm, λem = 520 ± 20 nm) were measured, and polarization values were 

calculated using Gen 5TM software (BioTek Instruments, Inc., Winooski, VT). The 

bound fractions were determined as described in Chapter 1.3.3 and corrections 

to the bound fractions were made as previously reported when intensity changes 

were observed.163  

The binding between SERCA and ssDNA was characterized by both µFFE and 

FP. For separations performed on µFFE, mixtures composed of ~50 nM ssDNA 

and 14 µM SERCA were introduced into chip. Electric fields changing from 0 V 

cm-1 to 150 V cm-1 were applied. For FP experiments, mixtures composed of ~5 

nM ssDNA and varying concentrations of SERCA were preparation. The 
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measurement and data analysis were performed the same way as for PLN-

ssDNA binding study.  

4.4  Results and Discussion 

4.4.1 ssDNA sequences binding to PLN 

I first describe the observation of the strong interaction between PLN and 

ssDNA sequences. SERCA, as well as PLN, was incubated with the random 

ssDNA library to test the background binding before the µFFE selection. 

Specifically, 80 nt random ssDNA library composed of two 20 nt primer regions 

and one 40 nt random region was mixed with different amounts of PLN or 

SERCA in MOPS binding buffer for FP measurements. The strong binding 

between PLN and random ssDNA was identified with the Kd around 1 nM. On the 

other hand, SERCA showed no obvious influence on the polarization of the 

ssDNA in the same buffer regardless of mid-µM SERCA being used. This result 

is rather surprising, and is contrary to a previous report on the no binding affinity 

of the random library to the cytoplasmic region of PLN, tested before the 

selection of DNA aptamers.277 Furthermore, a series of ssDNA sequences were 

chosen with different lengths, degrees of randomness, and stereochemistry to 

test the binding with PLN (see sequence information in Table 4.1). 

Table 4.1 Random ssDNA sequences used in PLN binding assay 

Sequence Length 

(nt) 

Sequence 5’3’ 

10 FAM-ATA GCT TGC A 

15 FAM-AGT GAT AGC TAT GGT 
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20 FAM-AGC AGC ACA GAG GTC AGA TG 

30 FAM-ACT GAG CAT GGG ATA ACC GTT CTC AGA CTT 

50 FAM-AGC AGC ACA GAG GTC AGA TGC AGG TAG GGT CCT ATG 

CGT GCT ACC GTG AA 

80* FAM-(N)80 

* A mixture of completely randomized 80-mer ssDNA sequences 

The binding measurements were performed in both ACE and FP, two 

orthogonal methods in principle. All of the sequences listed in Table 4.1 binded to 

PLN, with the histogram shown in Figure 4.1. The Kd values followed a 

decreasing trend from sub-μM for the 10 nt sequence, to mid-nM for the 15 nt 

sequence, and low nM or even high pM for 30, 50, and 80 nt sequences, 

suggesting the significant dependence of binding affinity on sequence length. 

The binding curves obtained from both FP and ACE for the 80 nt sequence are 

shown in Figure 4.2.  

The Kd values obtained by ACE and FP were consistent within experimental 

error for sequences longer than 20 nt; however, the results had some 

discrepancies for 10 and 15 nt sequences. For example, the Kd values obtained 

for the 10 nt sequence were 36±5 nM by FP and 270±180 nM by ACE. The 

discrepancy is possibly due to the different principles of the two methods. 

Polarizations were allowed to occur in binding equilibrium, but complexes 

underwent a non-equilibrium process in high electric field, both of which may 

cause dissociation. This discrepancy is more obvious for weaker binders that 

have a higher koff rate.   



 
 

108 
 

 

Figure 4.1 Affinity histogram of ssDNA sequences binding to PLN. Error bars represent 
standard deviation.   

Interestingly, we observed an exception of 30 nt in the general trend that the Kd 

values decreased as the length of ssDNA increases. The Kd values of the 30 nt 

was 25 ± 5 nM by ACE, and they were significantly higher than Kd values of the 

20 nt and 50 nt, which were 6.5 ± 0.9 nM and 1.2 ± 0.4 nM, respectively. The 10 

nt to 30 nt sequences as shown in Table 4.1 were all randomly generated 

sequences, but we found that the 30 nt sequence can fold into a special 

secondary structure with free energy of -5.41 kcal mol-1 under the experimental 

condition, as predicted by mfold (Figure 4.3 (A)). This is a stem-bulge-stem 

structure with 20 nucleotides serving in the double stranded region. The special 

structure makes the sequence more rigid than the 10, 15, and 20 sequences, 

which resembles dsDNA sequences. Sequences shorter than 30 nt (Table 4.1) 

were predicted to have several unfavored structures with positive free energy 

values. Although the 50 nt sequence also folds into a secondary structure as 
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Figure 4.2 Binding curves obtained by titrating the completely randomized 80 nt ssDNA 
sequences in Table 4.1 by FP (A) and ACE (B). Three measurements were taken under 
each PLN concentration. Error bars on data points and errors for Kd values represent 
standard deviation.  

shown in Figure 4.3 (B), the structure is less stable than the 30 nt sequence, with 

∆G of -3.72 kcal mol-1. There are fewer nucleotides involved in the double 

stranded region as well, making this sequence more flexible than the 30 nt 

sequence.  

A completely randomized 80 nt sequence-mixture was commercially 

synthesized, and the Kd value was determined to be 0.52±0.08 nM by ACE. It is 

worthy pointing out that other sequences were either randomly generated (10 nt 

to 30 nt in Table 4.1) or used because it was within reach (50 nt in Tabe 4.1), and 

none of them was selected based on the binding affinity towards PLN. The 

results lead us to conclude that the binding between PLN and ssDNA sequences 

are nonspecific, regardless of the base order of the ssDNA sequences.  
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Figure 4.3 Possible secondary structures of the 30 nt sequence (A) and 50 nt sequence 
(B) in Table 4.1, predicted by mfold, http://mfold.rna.albany.edu/?q=mfold/DNA-Folding-
Form.  

4.4.2  Isolation of ssDNA aptamers that bind to SERCA1a 

My first attempts of generating ssDNA aptamers against SERCA using CE 

were unsuccessful. The surfactant C12E8 present in the separation buffer 

hydrodynamically coats the inner surface of the bare fused-silica capillary. As a 

result, ssDNA peak was only observed when separation polarity was reversed, 

indicating that the ssDNA mobility became larger than EOF. C12E8 (MW: 539 

g/mol, number of aggregation ≈ 95 at 25 °C)278 wrapped SERCA (MW: 110,000 

g/mol)279 is significantly bigger than ssDNA molecules (MW: 25,000 g/mol). The 

small negative mobility of SERCA-ssDNA complex counterbalanced the small 

positive EOF, giving a net effect of barely moving complex in the electrical field. 
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Additional hydrodynamic rinses were necessary in order to collect the complex, 

which further diluted the complex and increased the chance of contamination. 

Low protein concentration in the mixture was employed in order to keep high 

selection stringency, making the online detection of complex impossible. The lack 

of effective online monitoring made the already complicated selection even more 

difficult.   

Inspired by the success of generating IgE aptamers using µFFE-SELEX as 

described in Chapter 3, selections against SERCA were also moved to chip. Five 

rounds of selections were performed with the initial introduction of 2.25×1014 

ssDNA sequences in the first round. Although complex was not identified in the 

first several rounds of selection, the unbound ssDNA was readily identified and 

discarded. In the 5th round of selection, an analyte stream with a minimal mobility 

was identified (shown as (2) in Figure 4.4) beside the unbound ssDNA (shown as 

(1) in Figure 4.4). As expected, the separation pattern was very similar to the one 

for free and bound ssDNA to IgE as shown in Figure 3.2 (A), indicating that 

stream 2 was highly possible to be the aptamer-SERCA complex.  

Stream 2 in Figure 4.4 was collected, PCR amplified, and purified into the 

desired ssDNA product. The affinity of the product from cycle 5 was first 

evaluated by FP. As shown in Figure 4.5 (A) as blue diamond, the FP value of 

the ssDNA increased as the concentration of SERCA in the mixture increased, 

indicating the formation of aptamer-SERCA complex. Figure 4.5 (B) shows the 

binding curve, from which a high nM Kd was obtained by nonlinear regression. As  
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Figure 4.4 An image of µFFE separation of unbound (1) and bound (2) ssDNA 
sequences during selection cycle 5. The separation chamber becomes two collection 
channels below the vertex of the triangle design. The bound sequences were collected 
into a centrifuge tube connected to the right outlet port through tubing.  

a comparison, ssDNA samples from other selection rounds (1 to 4) were also 

titrated against SERCA. However, the FP values (indicated by red circles, orange 

squares, yellow up triangles, and green down triangle in Figure 4.5 (A), 

respectively), did not change significantly when the SERCA concentration 

increased. This result agrees well with the on-chip observation, from which the 

aptamer-SERCA complex was only visually observed in cycle 5. 

50 nM FAM labeled ssDNA from cycle 5 was then incubated with the non-

labeled SERCA at the saturating concentration (14 µM), and separations at 

different electric field strength were performed on the µFFE device. As shown in 

Figure 4.6 (A), the fluorescent stream shifted towards the cathode instead of 

anode when the electric field was changed from 0 to 30 V cm-1. The shift 

increased as the electric field was further increased to 40 and 50 V cm-1, 

corroborating the band to be the aptamer-SERCA complex. Another interesting  
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Figure 4.5 (A) FP values for mixtures composed of different amounts of SERCA and ~5 
nM ssDNA samples from cycle 1 ( ), cycle 2 ( ), cycle 3 ( ), cycle 4 ( ), and cycle 5 ( ). 
SERCA concentrations were 0 M, 2.3×10-7 M, 4.5×10-7 M, 9.1×10-7 M, 1.8×10-6 M, 
3.6×10-6 M, 7.3×10-6 M, and 1.4×10-5 M. (B) Binding curve for cycle 5. Error bars 
represent standard deviation of three measurements. The Error of Kd represents 95% 
confidence interval. 

phenomenon was that the band broadened as the electric field increased. It was 

difficult to identify the band when electric field was equal to or above 50 V cm-1, 
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when the band became a smear. Moreover, the center of the smear shifted back 

toward anode at 80 V cm-1, indicating dissociation of the complex. As a control, 

the unselected ssDNA library was also incubated with 14 µM SERCA and 

separations were also performed on µFFE chip. As shown in Figure 4.6 (B), the 

fluorescent stream shifted towards the anode as the electric field increased, and 

there was no band broadening associated with dissociation at higher electric field, 

thus indicating the band as the free unbound ssDNA. The on chip experiments 

further confirmed the binding between the product of cycle 5 and SERCA, and 

the estimated Kd value from FP experiments since almost all ssDNA molecules 

were in complex form, as evidenced by the shift of one band from 0 to 30 V cm-1 

rather than two discrete bands.  

 

Figure 4.6 (A) µFFE analysis on the mixture composed of 50 nM ssDNA from cycle 5 
and 14 µM SERCA. (B) µFFE analysis on the mixture composed of 50 nM ssDNA from 
unselected random library and 14 µM SERCA as a control. The anode is on the left side 
in both images.  

Further attempts were made to perform the µFFE selection with a reduced 

electric field at 80 V cm-1 rather than the original 150 V cm-1, in order to maintain 

and collect complex; however, no binding was observed for the eight selected 
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pools (data not shown). Further selection beyond eight cycles was unpractical, 

limited by the quantity of DNA product. This might indicate that the reduced 

electric field does not provide sufficient resolution to enrich aptamers within eight 

selection cycles. Another possibility is that the SERCA sample prepared in C12E8 

may lose the desired structure within several days as we later discovered in 

developing a new SERCA activity assay. 

4.5 Conclusions 

In conclusion, this chapter demonstrated the high affinity binding between 

ssDNA molecules and PLN. The binding affinity is length dependent, and high 

pM Kd is obtained once the ssDNA length is equal to 80 nt. The binding affinity is 

also related to the flexibility of the sequence, but does not depend on the base 

order. This discovery offers rich information on anti-PLN drug design and may 

pave a new way for curing heart failure caused by PLN-related SERCA 

dysfunction. This chapter also demonstrated some promising results of µFFE 

device in evolving ssDNA pools against C12E8 stabilized SERCA. After five cycles 

of selection, a DNA pool was generated with high nM binding affinity toward 

SERCA. µFFE separation is superior to CE in terms of sample input, online 

detection, convenient complex collection, and maintaining of complex due to 

lower electric field and faster transit time. Although no individual aptamers were 

finally obtained, this work still showed the compatibility and unique advantages of 

the µFFE device to complex target SELEX.     
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Chapter 5 Development of a Highly Sensitive SERCA 

Activity Assay Based on the Direct Detection of ADP 

Product 
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5.1 Summary 

SERCA is an important target for treating cardiac diseases due to its function in 

controlling cytoplasmic calcium concentrations during heart relaxation. The study 

of SERCA activity in the absence and presence of its endogenous inhibitor PLN 

is of great interest in understanding the cardiac function under both physiological 

and pathological conditions. Traditionally, SERCA activity assay was performed 

using a PK/LDH-coupled enzyme reaction, which suffers low sensitivity. We 

developed a new SERCA activity assay based on the direct detection of the 

product ADP via TR-FRET. Under the optimized condition, our assay reduced 

the amount of SERCA by 1,000 folds and showed good inter-day reproducibility 

in both C12E8 and reconstituted lipids. The inhibitory effect of PLN on SERCA 

under low-concentration conditions in our assay allowed us to re-evaluate the 

binding between PLN and SERCA, which should have a mid-nM Kd at the most.  

5.2 Introduction 

As discussed in Chapter 1.4.3, SERCA plays an important role in controlling 

cardiac muscle relaxation and therefore in maintaining normal cardiac function. 

Quantifications of SERCA activity and the regulatory effect by PLN are 

fundamental requirements in SERCA studies. In terms of enzyme activity assay, 

various types of detection system have been designed and applied for kinases, 

which compose around 2% of the human genome.280 The kinases control 

multiple cellular functions, and have been targeted pharmaceutically for drug 

discovery and treatment of a wide range of diseases.281-283 Although SERCA as 
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an ATPase does not produce phosphorylated substrate,284-287 kinase assays 

monitoring the consumption of ATP or production of ADP would be referential for 

developing SERCA activity assays.  

One method is to quantify ATP consumption by a chemiluminescent assay, in 

which luciferin and luciferase are added after a predetermined reaction time to 

consume all the rest of ATP and generate light signal.288, 289 A major drawback of 

this method is that at least 20% to 30% ATP consumption is needed in order to 

have a desired detection window.290 However, from Michaelis-Menten equation 

Vmax is only obtained when the concentration of ATP is much higher than Km, and 

therefore ATP consumption is very slow and difficult to be determined accurately 

by this method.291  

Alternatively, ADP generated in assay was targeted to obtain the enzyme 

activity. Traditionally, a coupled enzyme assay involving a pyruvate kinase (PK) 

and lactate dehydrogenase (LDH) was used to detect ADP in a continuous 

mode.292-297 Phosphoenolpyruvic acid (PEP) is first converted to pyruvate, which 

is then hydrogenated to form lactate, and at the same time NADH is 

dehydrogenated to NAD+. The decrease of NADH at 340 nm is monitored to 

calculate the enzyme reaction rate. Although widely applied in kinase and 

ATPase assays, this method has several disadvantages. For example, the 

detection is based on UV which has relatively low sensitivity; the method requires 

large amounts of both enzyme and ATP; and sometimes it suffers from the 

emission overlap between NADH and other reagents or NADH decomposition.298 

Other assays have been developed to overcome the drawbacks. For example, 
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an improved coupled enzyme reaction used PK, pyruvate oxidase, and 

horseradish peroxidase to detect ADP via the fluorescent signal, which avoided 

UV detection interference.290 Besides, a dithio-coupled kinase or ATPase assay 

was developed with ATPβS (sulfur on the β-phosphorous) substrate replacing 

ATP. Dithiol reagents such as DTNB were used to react with the ADPβS product, 

and absorbance or fluorescence was detected in the continuous mode.299 The 

assay sensitivity was improved by using fluorescence or reagent with higher 

extinction coefficient; however, the labeled substrate ATPβS is not commercially 

available. Moreover, all these assays targeting produced ADP employed multiple 

reagents and steps of reactions. These indirect detection methods hold the 

possibility of nonspecific interactions between inhibitor/screening drug and 

detection mixtures. In addition, assay validation is necessary to confirm that the 

coupled enzyme reactions or dithio labeling reactions are not rate-limiting, in 

order to report enzyme reaction rate accurately in a continuous mode.  

In this chapter, we report the development of a highly sensitive SERCA activity 

assay using TR-FRET detection. This immunoassay is based on the 

Transcreener® platform, whose key component, an ADP specific antibody, 

directly binds SERCA assay product, eliminating coupled enzyme reactions or 

extra labeling reactions.300 The far red TR-FRET detection avoids interfering 

fluorescence or light scattering from the reaction mixture. The homogenous 

assay was performed in 384-well plates with only 20 µL total volume in each 

reaction, and the amount of SERCA was reduced by three orders of magnitude. 

Under the optimized conditions, SERCA activity performed in both surfactant 



 
 

120 
 

C12E8 and reconstituted lipids (DOPC: DOPE, 4:1) showed good reproducibility. 

With increased sensitivity, our assay also sheds light on quantifying the binding 

between two membrane proteins, SERCA and PLN. 

5.3 Experimental Methods 

5.3.1 Materials and Chemicals 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) at the 

highest grade available, except 3-Morpholinopropanesul-fonic acid (MOPS, 

99.5%, Fluka Analytical), CaCl2 (99.9%, Mallinckrodt Baker), MgCl2 (99.8%, 

Mallinckrodt Baker), KCl (99.5%, Mallinckrodt Baker), and NaCl (99.0%, 

Spectrum). All buffers were prepared in deionized water from a Milli-Q water 

purification system (Millipore Corp., Bedford, MA). Transcreener® ADP2 Assay 

TR-FRET Red kit was purchased from BellBrook Labs (Madison, WI). SERCA1a 

extracted and purified from rabbit skeletal muscle was co-reconstituted in lipid 

membranes (DOPC: DOPE, 4:1) by Raffaello Verardi and given to me as a gift. 

This sample consisted of 8 µg of SERCA, 22 µg of PLN, 0.2 mg of lipids, 35 mM 

of Imidozole, 100 mM of KCl, 5 mM of MgCl2, and 10% (v/v) of glycerol at pH 7.0 

in a final volume of 200 µL, which gave a SERCA concentration of 364 nM and a 

PLN concentration of 18.3 µM (calculated based on the molecular weight of PLN 

monomer). Another two gifts were reconstituted 80 µg of SERCA, and 80 µg of 

SERCA and 22 µg of PLN, respectively, following the same preparation 

procedure. 2× Assay Buffer 1 composed of 100 mM MOPS, 200 mM KCl, 10 mM 

MgCl2, and 2 mM EGTA at pH 7.0 (pH adjusted by 1 M NaOH). Assay Buffer 2 
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composed of 20 mM MOPS, 1 mM MgCl2, 0.25 mM DTT, 0.1% (w/v) C12E8, and 

40% (v/v) glycerol at pH 7.2 (pH adjusted by 1 M NaOH). Assay Buffer 3 

composed of 1 µg/µL of lipids (DOPC: DOPE, 4:1), 35 mM of Imidozole, 100 mM 

of KCl, 5 mM of MgCl2, and 10% (v/v) of glycerol at pH 7.0. 

5.3.2 Instrument Settings 

TR-FRET measurements were performed on a SynergyTM 2 Microplate Reader 

(BioTek Instruments, Inc., Winooski, VT) with filter settings of λex = 360±20  nm, 

λem1 = 620±5 nm, and λem2 = 665±4 nm. A 400 nm dichroic mirror was used with 

the excitation range of 320-390 nm and the emission range of 410-800 nm. 

Detection sensitivity was set to be 135. A 20 sec shaking was performed before 

taking any readings to eliminate possible bubbles in sample wells. Xenon flash 

with high lamp energy was used as the light source. There was a 100 ms delay 

after plate movement and before taking measurements. 100 µs after the xenon 

flash the instrument started data collection for 200 µs; and each measured FRET 

value was an average of 40 data collections. 

5.3.3 Optimizing Assay Detection Mixture 

Since SERCA activity assays will be performed in our own reaction buffers 

containing surfactants or lipids, assay detection components including ATP and 

ADP tracer were first titrated to find the best working concentrations. For tracer 

titration, 20 µL mixtures composed of 4 nM antibody, 2 µM ADP/ATP, 10 mM 

EDTA, and a series of ADP tracer ranging from 0.001 nM to 1 µM were incubated 

in Assay Buffer 2 for 1 h before being loaded into a Corning® 384 plate (catalog 
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#3673) for TR-FRET measurements. The same experiments were also 

performed at 10 µM, and 20 µM ADP/ATP concentrations. After the best ADP 

tracer concentration was determined, ATP titration was performed. 20 µL 

mixtures consisted of 4 nM antibody, optimized ADP tracer, and a series of ATP 

and ADP ranging from 0.01 µM to 1 mM.  

5.3.4 ATP to ADP Conversion Calibration Curve 

ATP to ADP conversion calibration curve was taken whenever SERCA activity 

assay was performed, in order to translate the FRET signal into the amount of 

ATP consumed or ADP produced in reaction. 10 µL of ATP prepared in the 

desired assay buffer at twice the assay concentration was aliquoted into 20 vials. 

20 µL of ADP at the same concentration was mixed with the 1st vial of ATP until 

even; 20 µL from the 1st vial was then transferred into the 2nd vial of ATP and 

mixed until even. The same procedure was performed till the last one. 10 µL of 

ATP-ADP mixtures were then incubated with 10 µL of the assay detection 

mixture at twice the optimized concentration. The final 20 µL mixtures were 

incubated at room temperature for 1 h before taking FRET measurements. 

Calibration curve was obtained based on three parallel experiments.  

5.3.5 SERCA Titration 

For SERCA titration performed in C12E8, serial dilutions of SERCA were 

prepared in Assay Buffer 2 with the 39 µM stock SERCA in 20 mM MOPS, 1 mM 

MgCl2, 0.25 mM DTT, 0.1% (w/v) C12E8, 30% (v/v) glycerol, and 200 µM CaCl2. 

5 µL aliquots of 8 µM ATP and 10 µM CaCl2 prepared in Assay Buffer 2 were 

added into the same volume of SERCA serial dilutions to start the reactions at 
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37 °C in a C24 Incubator Shaker (New Brunswick Scientific, Enfield, CT). The 

reactions were quenched 5 min and 18 min later by adding 10 µL aliquots of the 

assay detection mixture containing excess EDTA to reach a final volume of 20 µL. 

For SERCA activity assays performed in reconstituted lipids, serial dilutions of 

SERCA were prepared in Assay Buffer 3. 5 µL aliquots of 8 µM ATP, 2.5 mM 

CaCl2, and 7 µg/mL Ca2+ ionophore A23187 prepared in 2×Assay Buffer 1 were 

added to the same volume of SERCA serial dilutions to initiate the reactions. 

Reactions were quenched by adding 10 µL aliquots of the assay detection 

mixture at twice the optimized concentration.  

5.3.6 ATPase Activity Measurements 

For activity assays performed in C12E8, 5 µL aliquots of 8 µM ATP and varying 

CaCl2 concentrations of were prepared in Assay Buffer 2. Ca2+ concentration was 

controlled by direct addition of CaCl2 stock solutions. SERCA at twice the desired 

working concentration was also prepared in Assay Buffer 2. Reactions were 

started by adding 5 µL of SERCA into ATP-CaCl2 mixture, and quenched by 

adding 10 µL of assay detection mixture containing excess EDTA. Reactions 

were stopped at least at five different reaction times, and three parallel 

experiments were performed for each reaction time. Initial reaction rates at 

different Ca2+ concentrations were determined from the linear region of the 

FRET-reaction time plots. Activity assays were performed similarly for SERCA in 

reconstituted lipids, except that 8 µM ATP, 7 µg/mL Ca2+ ionophore A23187, and 

varying concentrations of CaCl2 were prepared in 2× Assay Buffer 1; SERCA at 

twice the desired working concentration was prepared in Assay Buffer 3. All 
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reactions took place at 37 °C. Initial reaction rates at different Ca2+ 

concentrations were then used for Hill equation fitting to obtain pKca values: 

pCa)acn(pK

max

10+1

V
=V                            Equation 5.1 

where V is the initial reaction rate, Vmax is the maximum initial reaction rate, n is 

the Hill coefficient, and pKCa is the pCa value when the initial reaction rate is at 

half Vmax. 

5.4 Results and Discussion 

5.4.1 Assay Principle 

The detection principle of the assay is shown in Figure 5.1. The Terbium 

labeled ADP antibody selectively binds HiLyte647 labeled ADP tracer in the 

presence of ATP, with an approximate 100-fold selectivity of ADP over ATP.301 

The binding between ADP antibody and ADP tracer brings the Terbium dye and 

HiLyte647 dye in close proximity, allowing Förster Resonance Energy Transfer 

(FRET). Emissions were detected from both 665 nm and 620 nm channels. 

When SERCA reacts with ATP, the produced ADP molecules compete with 

HiLyte647 labeled ADP tracer molecules on binding sites of ADP antibody 

molecules. The more ADP produced, the more ADP tracer molecules are 

replaced, and the smaller the FRET signal would be since the emission from 665 

nm channel decreases. The detection was time resolved, taking for 200 µs at 100 

µs after the xenon flash, thus eliminating otherwise possible interference of  
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Figure 5.1 Schematic of the novel SERCA activity assay based on TR-FRET detection 
of ADP. 

transient fluorescence from other molecules. Detecting emissions at wavelengths 

longer than 600 nm also eliminates light scattering.    

5.4.2 Detection Window Optimization  

In order to obtain SERCA activity curve, it is necessary to perform SERCA 

reactions at different Ca2+ concentrations, quench the reactions at different 

reaction times, quantify the ADP produced, and finally obtain the initial reaction 

rates by linear regression. To obtain initial reaction rates, reactions are quenched 

when substantial amounts of ATP are still remained in the reaction mixture. 

Accurate ADP quantification in the presence of excess ATP requires the 

detection window to be optimized to allow significant FRET change to occur 

when ATP to ADP conversion is low.  
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Initially, tracer concentrations were determined following a linear relationship 

between ATP and tracer provided by TRANSCREENER® ADP2 TR-FRET Red 

Assay Technical Manual; however, the Z’-factors (Equation 5.2) were below 0.7 

with six replicates of ATP and ADP samples. In order to obtain the maximum 

assay window and the best detection quality, tracer titration was performed in our 

own working buffer.  

                                        

ADPATP

ADPATP'

FRETFRET

SD×3+SD×3
1=Z                         Equation 5.2 

Figure 5.2 shows the tracer titration performed in Assay Buffer 2 with nonionic 

surfactant C12E8. The red circles in the left panel indicate the FRET signals when 

2 µM, 10 µM, and 20 µM ATP were incubated with different amounts of tracer, 

and the black squares indicate FRET signals when the same amounts of ADP 

were incubated with tracer. Since the antibody has much higher binding affinity to 

ADP over ATP, more ADP tracer molecules were replaced by ADP rather than 

ATP when tracer concentrations are within a certain range (e.g., 1 nM to 1 µM in 

Figure 5.2 (A)). When tracer was below this range, both ATP and ADP were in 

excess to compete for binding sites, so that the FRET signals fell to baseline; 

when above this range, tracer was in excess and neither ATP nor ADP will 

trigger a significant decrease of FRET signal. By subtracting the ADP FRET 

signals from the ATP FRET signals for all tracer concentrations, the FRET signal 

differences were obtained. From the right panel, the maximum FRET signal 

differences occurred at ~63 nM, 250 nM, and 500 nM for 2 µM, 10 µM, and 20 
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µM adenosine, respectively. By using these tracer concentrations, the Z’ factors 

were always above 0.7 from day-to-day experiments.  

 

Figure 5.2 Tracer titration in Assay Buffer 2 with different concentrations of ATP and 
ADP: (A) 2 µM, (C) 10 µM, (E) 20 µM, using 4 nM ADP antibody. FRET signal 
differences between ATP and ADP at different tracer concentrations were shown in the 
right panel, with (B), (D), and (F) corresponding to (A), (C), and (E), respectively. Each 
point is the average FRET value of three parallel samples. Error bars represent standard 
deviation.     



 
 

128 
 

The right panel in Figure 5.2 presents the dependence of the difference 

between ATP and ADP on optimum tracer concentrations, from which the most 

sensitive region to distinguish ATP from ADP can be determined. Meanwhile, the 

maximum FRET differences also represent the maximum assay detection 

window, since ATP represents reaction at the beginning and ADP represents 

reaction at the point all ATP is consumed. From the left panel of Figure 5.2, the 

maximum assay window was approximately 0.140, 0.149, and 0.178 for assays 

starting with 4 µM, 20 µM, and 40 µM of ATP (the addition of detection mixture 

dilutes the ATP concentration to half). Although it was roughly a 20% decrease in 

assay window from 20 µM ATP (500 nM tracer) to 2 µM ATP (63 nM tracer), the 

latter reduced the use of tracer by 8 folds, and the Z’ value was still above 0.7. 

Most importantly, less SERCA was required to fulfill ATP to ADP conversion 

within the same time, corresponding to improved assay sensitivity. Furthermore, 

titrations of ATP and ADP were performed with 63 nM tracer and 4 nM antibody, 

as shown in Figure 5.3 (A). The maximum FRET signal difference occurred at ~2 

µM adenosine (Figure 5.3 (B)), showing good self-consistency of the detection 

mixture.  

5.4.3 Standard Calibration Curve 

After the assay detection mixture was optimized, standard calibration curve 

was obtained for SERCA reactions starting with ATP concentration of 2 µM. 

Figure 5.4 (A) shows the FRET values of ATP and ADP mixtures, which had a  
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Figure 5.3 (A) ATP and ADP titrations in Assay Buffer 2 with 63 nM tracer and 4 nM 
ADP antibody. (B) FRET signal differences between ATP and ADP under the same 
adenosine concentrations. Each point is the average FRET value of three parallel 
samples. Error bars represent standard deviation. 

total adenosine concentration of 2 µM but different compositions of ATP and ADP, 

simulating SERCA reactions taking place for different reaction times. As shown in 

Figure 5.4 (A), although no significant signal change occurred when ATP to ADP 

conversion was within 1%, FRET signal was linearly correlated to the conversion 

in the range of 1% to 100% in this semilog plot. The linear portion gave a 

regression equation of Y= - (0.051±0.001) × lgX + (0.140±0.001), with R2 of 

0.9861. It is obvious from this calibration curve that 50% of the maximum FRET 

change occurs when only 10% ATP is converted to ADP, demonstrating the 

excellent selectivity of the ADP antibody and the compatibility of the detection 

mixture in determining initial reaction rates of SERCA. Figure 5.4 (B) shows the 

calibration curves under different ATP and Ca2+ concentrations with the 

optimized detection mixture that contained 4 nM antibody and 63 nM tracer. 

When the ATP concentration was above 4 µM or below 1 µM, the maximum 

assay window was not optimum; in the range of 4 µM to 1 µM, the curves had the 
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steepest slope and the assay window was optimized around 0.1 units of FRET. 

The three curves obtained at 4 µM ATP and different concentrations of Ca2+ 

overlapped with each other, demonstrating that the detection mixture is not 

sensitive to Ca2+ change, which would be the only variable besides ATP to ADP 

ratio in SERCA activity assay. These results lead us to conclude that the FRET 

 

Figure 5.4 (A) FRET signals at different ATP to ADP conversion percentages. The total 
concentration of adenosine in each sample was 2.0 µM. Detection mixture contained 4 
nM ADP antibody and 63 nM ADP tracer. (B) Calibration curves showing FRET signals 
at different ATP to ADP conversion percentages. Curves with black symbols and lines 
were obtained with different starting ATP concentrations in the absence of Ca2+; curves 
with colored symbols and lines were obtained with varying concentrations of Ca2+ in the 
presence of 4 µM ATP. Each point is the average FRET value of three parallel samples. 
Error bars represent standard deviation.   
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signal only depends on the ATP to ADP conversion, and has no dependence on 

the Ca2+ concentration.  

5.4.4 SERCA Activity Assay 

SERCA titration was performed prior to activity assay in order to have a robust 

assay that was applicable to the lowest SERCA concentrations. As shown in 

Figure 5.5 (A) and (C), SERCA samples with the concentration spanning over 4 

orders of magnitude were allowed to react with 4 µM of ATP at saturating Ca2+ 

concentrations in surfactant and reconstituted lipids, respectively. At desired 

SERCA concentrations, the FRET signal would at least decrease by ~80% of the 

maximum assay window within a reasonable reaction time. 5 nM and 500 pM 

SERCA were chosen to perform SERCA activity assay in surfactant and 

reconstituted lipids separately, as I observed that they gave ~80% decrease for a 

5 min reaction and ~95% decrease for a 18 min or 20 min reaction, respectively. 

Compared with the coupled enzyme assay, our method reduced the 

concentration of SERCA by 10 folds in C12E8 and 100 folds in reconstituted lipids. 

SERCA activity assays were finally performed in 4 µM ATP and 5 nM SERCA 

in C12E8 or 500 pM SERCA in reconstituted lipids. Reactions were quenched with 

the same volume of the optimized detection mixture to reach final concentrations 

of 2 µM adenosine, 4 nM antibody, and 63 nM tracer. Five reaction times were 

chosen with three experiments for each reaction time, and initial reaction rates 

were determined from linear regression. Shown in Figure 5.5 (B) and (D) are 

SERCA activity curves obtained by varying [Ca2+]. Although the maximum initial 



 
 

132 
 

reaction rate (Vmax) varied from day to day in both curves, these normalized 

curves shown very reproducible KCa values. The curve in Figure 5.5 (B) has a KCa 

value of 47±6 µM, compared to KCa values of 29±13 µM and 32±7 µM obtained 

from another two batches of SERCA sample (errors represent standard 

deviation). SERCA curve in Figure 5.5 (D) has a KCa value of 3±0.5 µM, 

compared to KCa values of 4.1±0.5 µM and 4±1 µM from another two 

reconstituted samples (errors represent standard deviation). Once PLN was 

 

Figure 5.5 (A) SERCA titration curves in C12E8. Reactions were quenched at 5 min and 
18 min. (B) Normalized SERCA activity curve in C12E8. (C) SERCA titration curves in 
reconstituted lipids. Reactions were quenched at 5 min and 20 min. (D) Normalized 
SERCA and SERCA+PLN activity curves in reconstituted lipids. Each data point shows 
the average FRET value of three parallel samples, and error bars represent standard 
deviation.  
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added, the curve shifted to high Ca2+ concentration, indicating the inhibition of 

PLN on SERCA activity. The shift of pKCa (∆pKCa) in Figure 5.5 (D) is 0.40±0.17, 

compared to ∆pKCa values of 0.48±0.7 and 0.45±0.13 from another two assays in 

reconstituted lipids performed on different days (errors represent standard 

deviation).  

Interestingly, the SERCA+PLN sample in Figure 5.5 (D) had the concentration 

of 500 pM SERCA and 25 nM PLN. It is obvious from Figure 5.5 (D) that this 

concentration of PLN already shifted the SERCA activity curve, suggesting a 

significant fraction of SERCA being bound by PLN. Conservatively, if we assume 

50% of SERCA was in the SERCA-PLN complex, the dissociation constant (Kd) 

was approximately 25 nM calculated from the chemical equilibrium. The Kd is 

even smaller if the ratio of SERCA in the complex form is higher. The unusually 

low SERCA and PLN concentrations used in the assay opened up a promising 

way to estimate Kd of these two binding membrane proteins, which is 

conventionally very difficult.302   

5.5 Conclusions 

In conclusion, we developed a sensitive SERCA activity assay with the 

Transcreener® ADP2 Assay TR-FRET Red kit. The optimized detection mixture 

contains 4 nM ADP antibody and 63 nM ADP tracer, allowing assays to be 

performed at 4 µM ATP with the maximum assay detection window. Our assays 

reduced the SERCA concentration by 10 folds and 100 folds compared to the 

coupled enzyme assays. Considering the decrease in reaction volume from 200 
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µL to 10 µL, the amount of SERCA used in each reaction was cut by 200 folds 

and 2000 folds for assays in C12E8 and reconstituted lipids separately. Moreover, 

SERCA KCa and pKCa shift in the presence of PLN were very reproducible from 

day to day experiments. Finally, the greatly improved sensitivity offers us 

additional information on SERCA-PLN binding. The Kd is at most 25 nM in 

reconstituted lipids, three orders of magnitude smaller than previous 

estimation.302 
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6. 1 Conclusions 

Aptamers have been gaining much attention and their applications have been 

growing explosively in many different areas, including detection, quantification, 

purification, and diagnostics and drug candidates. Selecting aptamers, however, 

is one major bottleneck that impedes their broader application and recognition, in 

sharp contrast to antibodies. Although rational designs have been used to 

generate aptamers based on prior knowledge on structure,303, 304 in vitro 

selection from a combinatorial library is the most general and popular way, 

because the capability of discovering novel binding sites and binding 

mechanisms is crucial in generating new binding motifs for existing targets, or 

selecting aptamers for novel targets. The priority then falls onto improving in vitro 

selection efficiency, including improving separation efficiency to cut down 

selection cycles and speeding up an individual cycle. This thesis has highlighted 

progress I have made toward achieving this goal during my PhD study.  

CE-SELEX is an advanced selection method with excellent separation 

efficiency, but few efforts have been reported toward the fundamental 

understanding. Chapter 2 described the application of 454 pyrosequencing to 

profile the CE-SELEX selection process against a protein target, rhVEGF165. High 

affinity ssDNA ligands with mid-nM affinity were selected. At the same time, 

sequence information of up to 30,000 sequences per selection cycle was 

obtained by the NGS technique. Using home-programmed code, MEME, and 

CodonCode aligner, enriched sequences were identified with the highest 

abundance of 0.8%, indicating tremendous heterogeneity in the selected pools. 
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With the ample sequence information, the evolution profiles of the most abundant 

and desired PCR products were obtained, which allowed us to visualize the 

enrichment of aptamers. The comparison of evolution profiles of the desired and 

undesired sequences also revealed the correlation between the decrease of the 

most abundant aptamer and the increase of the most abundant short byproduct 

in selection cycle 6 and 7, as well as the structural relevance.  

Although CE-SELEX is an advantageous platform to generate aptamers, it has 

limitations: only a small amount of the initial library is injected and subjected to 

separation, and it is thus difficult to achieve automation in order to increase the 

turnover of one selection cycle. Chapter 3 described the first successful 

application of a microfluidic free-solution-based separation platform, µFFE, in 

generating DNA aptamers for a protein, human IgE. 1.8×1014 sequences were 

continuously introduced into the device and analyzed, which improved the 

sample input more than 300 folds compared to CE. Mid-nM affinity aptamers 

were generated right after one cycle of selection. Although it took one day to 

complete one cycle of selection, the same as CE-SELEX, µFFE-SELEX has the 

potential of ultimate automation once integrated with other microfluidic devices 

fulfilling the rest of duties in SELEX, which will greatly reduce the time of one 

selection. 

Besides the larger sample input and greater potential of automation, µFFE 

device also has many advantages over CE in terms of separation, and thus there 

is much promise for generating aptamers for targets that are conventionally 

problematic. Chapter 4 described the first attempt to generate aptamers toward a 
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whole integral membrane protein, SERCA, using a µFFE device. High-nM affinity 

pools were obtained after five rounds of selection as characterized by both FP 

and µFFE, which was an at least two orders of magnitude improvement over the 

unselected library. Fraction collection of SERCA-aptamer complex was based on 

the spatial difference, which was more straightforward on µFFE than on CE. This 

is because CE required additional hydrodynamic rinsing, since the complex 

barely moved with C12E8 coating the inner wall of the capillary. The decoupled 

electric field and transit time on µFFE device made the separation power more 

controllable and adjustable; however, electric field and migration time of analytes 

are inversely correlated on CE.  

Besides improvements on SELEX, this thesis also covers studies performed on 

SERCA, an important membrane protein in normal cardiac muscle functions. 

Chapter 4 described an interesting finding that ssDNA sequences bind to one of 

the endogenous inhibitors of SERCA, PLN, with as low as high-pMKd. The 

interaction was extensively characterized in terms of base order, sequence 

length, and structure. It was found that binding affinity is not related to the base 

order, which means the random library are naturally great drug candidates in 

inhibiting the activity of PLN.  Moreover, the binding can be improved by 

increasing sequence length and structural flexibility. More importantly, these 

ssDNA sequences have been demonstrated to release the inhibition of PLN to 

SERCA in vitro, the degree of which also depends on the sequence length (by Dr. 

Raffaello Verardi and Prof. Gianluigi Veglia, unpublished results). In Chapter 5, 

the development of a novel SERCA activity assay was described, which was 
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based on directly detecting the product ADP in a competitive immunobinding 

format. This assay is compatible and reproducible with SERCA prepared in both 

detergent and reconstituted lipids. Under the optimized condition, the amount of 

SERCA used in assay was reduced up to 1000 folds compared to the traditional 

PK/LDH-coupled enzyme assay. Another important conclusion from this sensitive 

assay is the binding of PLN and SERCA has at most a mid-nM Kd.  

6. 2 Future Directions 

6.2.1 SELEX Studies on SERCA 

As promising results showed binding of SERCA and selected pool 5 in the first 

attempt using μFFE, selection was not reproducible when a lower electric field 

(80 Vcm-1) was applied to keep more aptamers in the complex form, as 

discussed in Chapter 4. Other than sample aging, it was also possible that the 

separation of the bound from the unbound was insufficient.  One way is to 

improve the separation power of the μFFE device, defined as P = Et,98, 305 by 

tuning electric field and separation flow rate. As the electric field goes down from 

150 Vcm-1 to 80 Vcm-1 or even lower, the buffer flow rate needs to go down 

proportionally to keep the transit time long enough to achieve good separation. 

On the other hand, stream stability of μFFE, which is highly correlated to buffer 

flow rate, is crucial to SELEX application, since successful collection is critical in 

the progress of selection. Although our group has demonstrated surface tension 

and formation of air bubbles can be significantly reduced by adding buffer 

additives such as Triton-X 100,256 one should keep in mind that lowering flow rate 



 
 

140 
 

always trades off stream stability. Alternatively, device design could be changed 

by increasing the length of the separation chamber so that sufficient transit time 

is achieved under original flow rate.  

Although SERCA structures and activities have been broadly characterized in 

surfactants such as C12E8, it is well accepted that there are interactions between 

hydrophilic region of C12E8 and cytoplasmic domain of SERCA, which may 

prevent aptamers from binding to the desired sites. Moreover, from my 

experience of developing the new SERCA activity assay as described in Chapter 

5, sample storage and long term stability may be other concerns in SELEX study. 

Therefore, another option to generate aptamers for SERCA is to adopt a more 

reliable sample preparation. SERCA has been successfully prepared in lipid 

bilayers on thin glass slides for NMR experiments, which showed good stability 

and similar structure as that in SR.306, 307 Preliminary experiments were 

performed to test the compatibility of this sample preparation to SELEX. 166 µg 

of IAEDANS-labeled SERCA in DOPC-DOPE bilayers (DOPC:DOPE 4:1,) was 

spread on a thin glass slide for evaporation at 37 °C, followed by rehydration in a 

100% humidity chamber. This slide was then rinsed with 40 µL of MOPS buffer 

with gently pipetting for 5 min, imitating incubation with ssDNA library in SELEX. 

The rinsing buffer was collected for fluorescence intensity measurements with a 

360 nm excitation line and a 490 nm emission line. The rinse was repeated for 

four more times. As shown in Figure 6.1, only small amounts of SERCA were 

rinsed off chip from Rinse 1 through 5, very close to the buffer background. Only 

when the glass slide was finally incubated with the 6th rinsing buffer and 
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subjected to sonication and vortexing, most SERCA came off. This experiment 

demonstrates that this sample preparation is very compatible with SELEX 

incubation, rinsing, and collection procedures. On the other hand, it should be 

noted that longer incubation time is needed to allow aptamers to diffuse in order 

to be in contact with SERCA; the low separation efficiency means that selection 

rounds could go up to 20 cycles. 

 

Figure 6.1 A SERCA-SELEX control of SERCA prepared in lipid bilayers on 10 mm×8 
mm×60 µm glass slides. The amount of free IAEDANS-labeled SERCA in the same 
volume of rinses was monitored from Rinse 1 to 5. In negative control, the rinse was 
performed on a glass slide with only lipid bilayers. In positive control, the glass slide that 
was rinsed five times before was soaked in the same volume of rinsing buffer for 
vortexing and sonication. Three measurements were taken for each sample, and data 
are shown here with error bars representing standard deviations.   

6.2.2 Integration of Microfluidic Devices for SELEX   

The ultimate goal of developing microfluidics for SELEX is to integrate 

individual microfluidic devices that are capable of performing one or more step(s) 

into the whole machinery for the final automation of SELEX. As one example, 

Huang et al. reported a microfluidic system that combined incubation, magnetic 
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separation, and fast PCR amplification for CRP aptamer generation, which saved 

60% of sample consumption, and cut 100 min for one selection.254  Bowser group 

is also dedicated to the development of a microfluidic DNA purification device. 

Sheng et al. fabricated a counter current dialysis device with a nanoporous 

polycarbonate membrane separating two PDMS channels.308 This device 

showed selective transport of fluorescein and ssDNA molecules with different 

length. In the most recent work, 80 mer ssDNA molecules were transported 

through the membrane using streptavidin beads in co-current mode with much 

improved recovery.  Miniaturization of PCR process has been well developed in 

the past decades with many designs compatible with a range of sample volume 

and flow rate.309, 310 Integration of µFFE separation and microfluidic PCR and 

DNA purification devices would be a huge step moving forward, not only because 

of the advantages associated with µFFE separation, but also due to the fact of 

moving almost all SELEX work onto this machinery, thus reducing time needed 

to perform one cycle, minimizing contamination, making it more close to the final 

automation.  

6.2.3 Screening Drug Candidates that Release PLN Inhibition to SERCA 

SERCA activity is a focus in heart diseases because of its important role in the 

cycling and control of Ca2+ in a heartbeat. Releasing the inhibition of PLN to 

SERCA is one important way to activate SERCA and regain the functionality. 

Small molecules such as quercetin311 and plant phenol tannin,312 heparin313 and 

heparin-derived oligosaccharides314 have been identified as inhibitors to PLN; 
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their stimulation effect to cardiac SERCA have been characterized; and 

parameters such as concentration311 and electrostatic phenomenon315 have been 

studied. However, to our best knowledge, it is the first time that an inhibitor with 

high picomolar Kd was identified; the structural-affinity relationship in terms of 

base order, sequence length and flexibility were systematically characterized, 

offering us precious knowledge on exploring potential drug candidates for curing 

heart failure caused by SERCA dysfunction. One direction of future work is to 

screen compounds whose syntheses are straightforward and structures are more 

bio-stable than DNA. Binding experiments can be performed on modified DNA 

and RNA molecules such as methylated nucleic acids, L-nucleic acids, and LNA, 

to characterize binding affinity and structure-binding affinity relationship. One 

other direction is to expand SERCA activity assay, which is now performed in 

reconstituted lipids, to sarcoplasmic reticulum, cells, and finally in vivo.  
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