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ABSTRACT 

DNA strand displacement reaction (SDR) is a fast, isothermal, and sequence 

specific reaction. In SDR, an invading DNA single strand, also known as the “fuel” 

strand, unzips a partial duplex to form a more thermodynamically stable duplex. The 

complementary strand to the fuel strand is referred to as the template. SDR releases the 

initial complement to the template upon formation of the fuel-template duplex. In DNA 

computation, the initial complement is called the “output” strand. In this work, we 

demonstrated how the output strand could be programmed to execute different 

functions such as specific release of biomolecules or interrogating the presence of a 

particular target molecule in the chemical system.    

The capture and subsequent release of molecules from a solid phase has far-

reaching applications in separation science and chemical analyses. Different molecular 

properties have been exploited to capture molecules on the solid phase offering a big 

repertoire of mechanisms for capture. The spectrum of capture mechanisms ranges 

from very general hydrophobicity-based partitioning of molecules in gas or liquid 

chromatography to the highly specific molecular recognition between ligands and 

analytes in the affinity chromatography techniques. The release mechanisms, while very 

diverse on the generic extreme of the spectrum, are very limited in terms of specificity. 

Here, we proposed SDR as a specific release mechanism for solid phase extraction that 

could be triggered only by the presence of a proper DNA fuel strand. We demonstrated 

that integration of SDR to a fluoroimmunoassay on silica microparticles for a thyroid 
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cancer biomarker, thyroglobulin, offers a very effective in situ cleanup method, 

especially in the presence of a complex biological fluid such as whole serum.  

The unique ability of DNA to carry information in its sequence compelled us to 

further extend the application of SDR to characterization and purification of 

transcription factors (TFs). TFs are DNA-binding proteins regulating the gene 

expression levels in cells by binding to the specific regions of genome. The non-specific 

methods of release for elution of captured TFs from the DNA affinity solid phase result 

in losing information about the DNA sequences acting as the binding sites for the TFs of 

interest. It is also very difficult to multiplex purification of TFs for the mentioned 

reason. We propose an SDR-based strategy called IDCAPT (for Integrative Discovery, 

Characterization, Assay, and Purification of TFs) that uses multiple sequential SDRs to 

characterize the potential binding sites for TFs, quantify, and purify them. We first 

proved the concept of SDR-mediated multiplexing on beads for three different sets of 

fluorescently labeled DNA capture strands. We then showed that IDCAPT could 

successfully interrogate the presence of a model TF, NF, in the solution using its 

simple sequential SDR-based reasoning module. 

In summary, SDR provides us with an efficient, specific, and sequence-encoded 

release tool opening up the avenue for many applications requiring multiplexation, 

sample cleanup, and logical gate-based sensing. 
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CHAPTER 1  

INTRODUCTION 

DNA Strand displacement reaction (SDR) 

It has been more than six decades since Watson and Crick proposed a double 

helical model for the DNA duplex structure. The fascinating simplicity of DNA base 

pairing between the purine (adenine and guanine) and pyrimidine (thymine and 

cytosine) nucleobases manifests itself in an incredibly sophisticated manner through the 

cooperative binding of the two complementary DNA strands. For many years, the four-

letter DNA language was thought to be merely the secret code of life in virtue of its role 

in the central dogma of living cells. In 1982, Nadrian C. Seeman was the first to suggest 

that DNA could be exploited for engineering a macromolecular lattice well defined for 

the crystallography of proteins. He laid out the design principles needed to make a class 

of naturally occurring DNA four-way junctions, also known as Holliday junctions, 

immobile [1]. Different variations of such immobile Holliday junctions later constituted 

the building blocks for DNA nanostructure assembly in DNA nanotechnology [2,3]. The 

DNA motifs or so to speak, monomers, were designed so that they had sticky ends to 

associate to one another. A sticky end is nothing but two complementary DNA single 

strands with unequal length forming a duplex. The single stranded portion of the longer 

strand after duplex formation is called an overhang. It may act as the recognition site for 

another motif bearing the complementary “overhang” sequence to glue together the two 

motifs. The second application of the overhang sequence is its ability to be used as a 

nucleation site for a second duplex formation in a reaction known as strand 

displacement.  

The strand displacement reaction (SDR) takes place when two DNA single 

strands both complementary to a template strand compete to form a duplex with the 

template [4]. Starting with a partial duplex between a template and an initial 

complement, a second single strand capable of forming a larger number of base pairs, 
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also known as the “fuel” strand, is added. The fuel will replace the initial complement in 

order to form a more stable duplex with the template strand (Figure 1-1). The whole 

process is enthalpy-driven as the free energy of hybridization is larger for a longer 

duplex and there is no big change in entropy. SDR starts with attachment of the 

invading fuel strand to the overhang of the initial duplex. This overhang has recently 

been referred to as the “toehold”. After hybridization of the fuel strand to the toehold on 

the template, it starts unzipping the old duplex through “branch migration”, to the point 

that the initial complement is fully replaced by the fuel strand on the template (Figure 1-

1). Such a reaction was known to occur during cell division in a phenomenon called 

genetic recombination long before it was put into application in DNA nanotechnology 

[5]. In fact, Robin Holliday put it forward in 1964 as the underlying mechanism of 

recombination after formation of Holliday junctions in the mitotic cells [6,7].   

 

Figure 1-1: Strand displacement reaction starts with hybridization of the fuel strand (green) to the toehold 

of the template (blue) and progresses via branch migration (middle). The outcome is release of the initial 

complement (red) and a new, more stable duplex, Y. Reproduced from [4] with permission. 

Kinetics of the branch migration in strand displacement was studied in 1981 [8] 

in its genetic context. The first SDR-based assays for DNA analytes employing 

quantification of the released radioactive or non-radioactive initial strands from a solid 

support were reported in 1986-88 [9-11]. The non-radioactive assay format took 

advantage of the luciferase reporter system [9,12]. The homogenous version of the same 

assay was also reported in which an RNA reporter strand was released upon SDR and 
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processed by a phosphorylase, making distinction between single and double stranded 

RNAs [12]. The SDR-based double stranded DNA probes [13,14] or hairpin molecular 

beacons [14,15] using the Förster resonance energy transfer (FRET) signal readouts 

were introduced a decade later. Since then, there has been a diverse range of FRET-

based assays using SDR [16-29]. The more recent SDR-based assays utilize the same 

principle, but use different reporter systems such as osmium tetroxide [30], horseradish 

peroxidase [31], methylene blue [32], and other detection methods [33-37].  

The kinetics, thermodynamics, and mechanism of the strand displacement 

reaction have been studied in detail [14,38-41]. It was found that the length of the 

toehold and its composition influence the kinetics of SDR [38]. For toeholds made of 

only G/C nucleobases, a length of five nucleotides is enough to reach the maximum rate 

constant, whereas a toehold length of eight is needed when using only A/T nucleotides 

[38]. On average, increasing the toehold length beyond six nucleotides would have very 

minimal effect on improving the rate constant of release [38]. It has also been proven 

that the position of a toehold with respect to the partial duplex matters, so it can be used 

as a tool to control the kinetics of SDR [41]. For example, leaving a mismatched spacer 

domain between the toehold and the partial duplex will considerably slow down the 

SDR [41]. 

There is a long list of applications based on SDR: it was exploited in DNA 

computation [42-56], switching on and off nanoparticle aggregation [57-60], molecular 

imaging [61,62], signal amplification [63-73], DNA cloning through a technique called 

strand displacement amplification [74-78], single nucleotide polymorphism (SNP) 

detection [79-87], genotyping [88-90], DNA-templated synthesis [91,92], self-

replicating systems [93,94], assembly [95-98] and reconfiguration of DNA 

nanostructures [99-102], actuation of nanodevices [103-108], molecular switches [109-

111], DNA tweezers [112] and walkers [108,113,114]. SDR has also been used in 

controlling biological functions such as enzyme activity [114-116], gene expression 

[108,117,118], and characterization of cell surface receptors [119]. Among these 

applications, DNA computation is of pivotal importance, because it formulates the SDR 

such that many other applications could be described by the formalisms it defines.  
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SDR in DNA computation  

The concept of DNA logic gates [4,120,121] in DNA computation is relevant to the 

main theme of this thesis and therefore, is explained here. A logic gate is simply an 

element of a digital circuit (for instance a diode or transistor) that implements the 

Boolean functions by performing a logical operation on an input to generate an output. 

A Boolean function is a mathematical function whose output is either “true” or “false”. 

The main logical gates are “AND”, “OR”, and “NOT”. In an “AND” gate, two inputs must 

be present to generate an output and for the “OR” gate, either of two inputs will generate 

the same output. Figure 1-2 shows how SDR could be used to make an “AND” logical 

gate [4].  

 

Figure 1-2: A logical “AND” gate made of two SDRs. Product of the first SDR acts as a substrate for the 

second one. The first SDR exposes the hidden toehold of the gate. Reproduced from [4] with permission.  

The simple symbolism described above could be integrated and scaled up into 

complex digital circuits [120,122]. While the output and input molecules shown in 

Figure 1-2 are all made of DNA, it is possible to use aptamer targets for inputs as well. 

Targets for aptamers could elicit a configuration change upon binding to the aptamers 

and thus, expose a hidden toehold [123-125]. Such gates could accomplish interesting 

tasks that need reasoning to trigger a response. For instance, the aptamer-based and 

combined DNA-aptamer-based “AND” logical gates in designs of drug delivery DNA 
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nanorobots could provide full control of on-demand release of their molecular payloads 

[126,127]. Transcription factors (TFs) are DNA binding proteins and the DNA sequence 

they bind to could be used like an aptamer. In Chapter 4, we proposed a new strategy for 

analysis of transcription factors called IDCAPT (for Integrated Discovery, 

Characterization, Assay, and Purification of TFs). IDCAPT functions through an “AND” 

logical gate in which the presence of both transcription factor and DNA inputs is 

necessary to release a signal strand.  

DNA dehybridization via SDR 

Niemeyer et al demonstrated that SDR could be used to release the yellow 

fluorescent protein conjugated to a DNA strand from gold nanoparticles [128]. The goal 

of that study was to take advantage of gold nanoparticle-induced quenching of yellow 

fluorescent protein, to show that proteins could maintain their biological activity when 

conjugated to DNA and assembled on gold nanoparticles. Chapters 2 and 3 explore and 

optimize a similar release method with the purpose of developing a sample cleanup 

technique based on SDR. The main premise of these chapters is that SDR could be 

utilized, to release from a solid phase, an antibody conjugated to a DNA capture strand 

in a programmable fashion.  

The SDR-mediated dehybridization and release is expected to be superior to 

conventional methods such as thermal and chemical denaturation of the DNA duplex, 

especially for the applications demonstrated in Chapters 2-4. The generic release 

through non-specific mechanisms greatly complicates the possibility of multiplexing, as 

well as giving side release of unwanted matrix molecules. Generic release mechanisms 

may use drastic changes in pH, solvent type, ionic strength, temperature, chaotropic 

agents (urea, guanidinium chloride, etc.), and surfactants, to name a few. The 

fluorescent signal is also sensitive to many of the factors enumerated above. The SDR-

facilitated release, on the other hand, is a programmable, sequence-encoded, specific 

release approach that does not require any change in buffer or solvent properties. 

Chapter 2 examines an analytical scheme that uses SDR to release a DNA-

antibody conjugate on chip for downstream recapture and quantification by surface 

plasmon resonance (SPR). The purpose is to integrate an upstream sample cleanup on 
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chip with a label-free assay for any antigen of interest. Surface plasmon resonance 

works by sensing the change in refractive index of the environment immediately 

adjacent to the surface of a thin layer of an inert metal such as gold [129,130]. A beam of 

light is shone upon the gold layer with nanometer to submicron thickness to excite the 

plasmon of the gold and generate an evanescent wave (Figure 1-3) [131]. The latter will 

penetrate into the volume right above the gold surface and therefore, will sense a few 

hundred nanometers above the surface. Coupling of incident light to the plasmon occurs 

at a particular angle for each wavelength and any binding events on the surface can be 

detected by the response of SPR to the change in refractive index [130,132]. The 

response is quantified in one of three ways; change in the angle of incident beam, 

intensity, or wavelength [132,133].  

 

Figure 1-3: Principles of surface plasmon resonance (SPR). Reproduced from [131] with permission. 
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Chapter 3 investigates how SDR can be utilized as a component of an 

immunoassay that provides a sample cleanup technique with quantitative performance. 

Although fluorescence is intrinsically much more sensitive than UV-visible 

spectroscopy, the enzyme-linked immunosorbent assay (ELISA) is far more common 

than fluoroimmunoassays (FIA). Part of the reason is, of course, that the catalytic nature 

of ELISA leads to a huge signal amplification and simpler instrumental setups for UV-

Vis spectrometers. However, another challenge for FIA is reading the fluorescent signal 

from a solid support [134] and dealing with the background correction for a non-

uniform surface; a problem that has already contributed to DNA microarray 

technology’s failure to fully deliver its promise in the quantitative realm after two 

decades. Homogenous FIA techniques are mostly competitive assays, with more limited 

sensitivity and a susceptibility to interference from the matrix molecules in real samples 

[134]. Embedding a specific release mechanism such as SDR would benefit FIA on beads 

in two ways. SDR could allow sample cleanup and also make it possible to measure the 

fluorescent signal in solution.  

In this thesis, we are examining methods to multiplex while using fluorescence 

detection. There is a signal acquisition method known as the “synchronous scan”, which 

aids in multiplexed fluorescent detection. The method sweeps across two defined 

wavelength ranges, one for excitation and the other for emission, while keeping a fixed 

wavelength difference between the excitation and emission wavelengths (a 20.0 nm 

window in this work). This method allows for detection of multiple fluorophores in the 

same solution and in one scan, provided that their spectra do not overlap significantly 

(Figure 1-4).  
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Figure 1-4: Example of a spectrum acquired in the synchronous scan mode of the fluorimeter.     

Challenges in multiplexed purification of transcription 

factors 

Chapter 4 looks into inventing a new methodology to study transcription factors 

(TFs) by harnessing the powerful sequence encoding capability of DNA for multiplexing. 

We chose the acronym IDCAPT for our strategy standing for “Integrated Discovery, 

Characterization, Assay, and Purification of Transcription factors”. IDCAPT 

demonstrates that encrypting information in the four-letter syntax of DNA could be put 

into use for both operating parallel, programmed releases and retrieving information 



 9 

about the interactions of transcription factors with DNA. As pointed out earlier, the 

method makes use of an “AND” logical gate to release a signal strand in the presence of 

a transcription factor and an “interrogator” DNA strand. The cornerstone of IDCAPT is 

a series of multiple sequential SDR steps, enabling it to execute a radar-like propensity 

to interrogate the binding status of a transcription factor. Detailed discussion of the 

IDCAPT method will be presented in chapter 4.   

TFs comprise several superfamilies of DNA-binding proteins that regulate the 

gene expression levels by binding to a sequence of DNA. Some TFs have binding sites in 

the genome that are very simple and only mildly specific, such as the GA-binding 

protein family. However, there are many others with much more sequence-specific TF 

binding sites (TFBS) with around eight or more nucleotides [135]. There are numerous 

methods developed to exclusively focus on one area of TF studies, for instance 

characterization or purification. A vast majority of techniques can be classified in two 

main categories; the ones that approach the study of TF-DNA binding from the genomic 

perspective (starting with putative TFBSs) and those adopting a proteomic approach 

(starting with a purified TF). IDCAPT takes an integrative strategy in which both TF and 

TFBS could be recovered. Protein binding microarrays (PBMs) [136,137] and PICh 

(proteomics of isolated chromatin segments) [138] are two well-established techniques 

that are compared here to IDCAPT, in terms of principles. 

PICh is an evolved chromatin immunoprecipitation (ChIP) technique with many 

advantages over traditional ChIP. It does not need any antibody against TFs to pull 

down the crosslinked TF-TFBS adducts. The workflow of PICh is shown in Figure 1-5. 

The goal is to isolate proteins as they are bound to DNA in a cell. The DNA-proteins are 

crosslinked by formaldehyde in the fixation step, the cells are disrupted and the protein-

DNA adducts are pulled down using long DNA probes functionalized with desthiobiotin 

(the hybridization step in Figure 1-5). After capturing the protein-DNA adduct on 

avidin-functionalized magnetic beads, the beads are washed, then biotin is added to 

release the protein-DNA adduct from the beads via stronger affinity of biotin for avidin 

compared to desthiobiotin. The protein-DNA adduct could be characterized by either 

SDS-PAGE or mass spectrometry. The main reason for using the biotin/desthiobiotin 

exchange reaction is to reduce the non-specific release of the matrix molecules [138]. 

Multiplexing is a major challenge with PICh, since there are many TFs bound to DNA all 
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the time. The formaldehyde crosslinking takes a snapshot of the protein-protein and 

DNA-protein interactions within the cell. While the method captures multiple DNA-

protein adducts at the same time, the PICh approach does not retain the TF-TFBS 

information due to its non-specific release mechanism. The sequence-encoded 

multiplexing in IDCAPT is supposed to offer a great control over the release process, in 

contrast to the non-specific biotin-desthiobiotin release mechanism.       

 

Figure 1-5: Workflow of PICh. Elution from avidin magnetic beads occurs via biotin-desthiobiotin 

exchange. Utilization of locked nucleic acid (LNA) probes leads to the much higher melting points and 

stability of the chromatin-probe hybrids. Reproduced from [138] with permission.  

The second TF characterization technique described here is the protein binding 

microarray (PBM) [136,137]. PBM aims at characterizing all possible TFBSs for a 

purified TF in vitro. All possible 10-mer DNA binding sites are spotted on microarray 

slides. The TF of interest is expressed as a fusion protein with glutathione S-transferase 

(GST), which is added to the microarrays. To detect the DNA-bound GST-tagged TFs, a 
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labeled antibody against GST is added. The plus side of PBM is that it does not need any 

prior knowledge of TFBSs, but it faces several challenges. It needs expression of an 

epitope-tagged TF in each case, which might change the binding affinity of the TF. It 

tries to use DNA microarray technology for a quantitative analysis to extract the binding 

constants and therefore, it requires multiple fluorescent labeling for background 

correction and improving reproducibility. IDCAPT, on the other hand, is set up to 

measure the fluorescent signals in solution and would make use of a single universal 

fluorescent label. It is consequently expected to show a better reproducibility and 

demand less high throughput data analyses.     

This thesis attempts to demonstrate how SDR could be applied to solving a 

number of practical challenges in separation science and bioanalytical chemistry. 

Chapter 2 tackles the problem of non-specific adsorption of matrix molecules in SPR 

assays by devising an upstream sample cleanup flow cell using SDR. It also inspects the 

role of limited mass transport on a chip and the consequences for an assay based on 

recapture of a released target analyte. Chapter 3 probes coupling of SDR to a 

fluoroimmunoassay (FIA) on beads and optimizes a number of parameters influencing 

performance of the assay. Chapter 4 puts forth a combined purification and assay 

scheme named IDCAPT operating based on sequential SDRs to facilitate isolation and 

characterization of TFs and their binding sites. IDCAPT attempts to offer a solution for 

the multiplexing issues of PICh and PBM.   
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CHAPTER 2  

DNA TOEHOLD-MEDIATED RELEASE ON 

CHIP  

In this study, the DNA strand displacement reaction (SDR) on the solid phase is 

used to temporarily retain an antigen on the chip. As a proof of feasibility of SDR for 

such a cleanup application on chip, the Surface Plasmon Resonance (SPR) technique 

was adopted, enabling us to monitor the association and dissociation processes in real 

time. An analytical scheme for an on-chip assay of a thyroid cancer marker, 

thyroglobulin, was designed based on the recapture of the antigen on a surface 

plasmon resonance chip. The SDR could release a significant portion of the captured 

material, 72- 84%. The yield dependence of SDR on parameters such as concentrations 

of the capture and releasing strands, flow rates, and hybridization times was studied. 

The recapture efficiency on chip for the released strand is moderate and does not 

exceed 30 %. It was found that the highly restricted mass transport to the chip surface 

strongly hampers the recapture process, especially for the huge antibody-antigen 

complex. 

Introduction 

Microfluidic technology holds promise for a diverse range of applications from 

chemical synthesis of nanomaterials to purification, quantification, and separation of 

biomolecules, cell sorting, and cell culture [139-143]. In the context of quantification, a 

detection method should be interfaced with the microfluidic chips and while 

fluorescence has been probably the most commonly used technique, it suffers from 

reliance on the molecular labeling. The label-free methodologies, such as surface 

plasmon resonance (SPR) [144-146] and quartz crystal microbalance (QCM) [147-151], 

still need to address the issue of poor selectivity resulting from their non-discriminative 
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modes of action. The interference by sample matrix molecules is often a serious 

problem. Non-specific adsorption particularly becomes a major obstacle when label-free 

sensors are utilized for assays in real samples of biological sources such as blood, 

plasma, and other body fluids. It is possible to alter surface chemistry to make it more 

resistant to fouling [152,153]. However, this approach may prove insufficient in many 

cases. The alternative is to devise a sample cleanup unit upstream of the sensor area to 

eliminate a significant portion of the matrix molecules and also dilute the remaining 

portion with a buffer exchange.  

We hypothesized that DNA-directed immobilization could be exploited in the 

cleanup chamber of the chip. Molecular recognition capability is then added to the 

immobilized DNA by conjugation of an antibody. After enriching the surface of the 

chamber with the analyte of interest and a buffer exchange, the whole antibody-analyte 

complex is released from the surface via a methodology known as the DNA strand 

displacement reaction (SDR) [4]. The SDR is a DNA strand exchange on a template 

DNA wherein two competing strands are both complementary to the same template. 

The exchange reaction thermodynamically favors formation of the duplex with the 

larger number of base pairs as the final product. Starting with the less energetically 

stable duplex, the template strand will release its initial complement for a competing 

strand, also called the “fuel” strand. If the template strand is immobilized on the surface 

of a chip, this process could be exploited as a reversible capture system. The solid phase 

SDR can release the captured  strand single- or double- stranded depending on the fuel 

strand used (Scheme 2-1). The  probes are immobilized on the surface and the  strand 

is partially complementary to  probes. If the ’ fuel strand fully complementary to  is 

added after capture of  on the surface,  is released as a duplex (reaction 1 in Scheme 

2-1). The ’ SDR occurs when the ’ fuel strand complementary to the probes on the 

surface is used resulting in the release of  in its single-stranded form (reaction 2 in 

Scheme 2-1).  
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Scheme  2-1: The  probes are immobilized on the surface and are partially matched to a segment of . If 

’ fuel strand is used for release (reaction 1),  will be released as a duplex. Adding ’ fuel strand releases 

 single-stranded (reaction 2).  

Scheme 2-2 shows how an SDR-based cleanup unit could be embedded upstream 

of a sensing unit on a chip. The chip consists of three chambers connected together with 

valves. The capture DNA-antibody conjugate released from the first chamber, the 

cleanup unit, would be re-captured and quantified in the third chamber, the sensing 

unit, via DNA hybridization between the other half of the capture strand and the probes 

on the surface. However, SDR will release the capture strand-antibody conjugate both 

unreacted, and as a complex with the antigen (analyte). In order to prevent the 

unreacted capture strand-antibody conjugate from reaching the sensor, a sorting 

chamber bearing the immobilized antigen is needed between the cleanup and sensing 

units. This region must ideally entrap the entire unreacted antibody and allow the signal 

detected to reflect only the amount of antigen in the sample.  This scheme demands a 

very effective mass transport to the surface of the chip, where the immobilized antigen is 

bound.  
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Scheme  2-2: The SDR-based cleanup upstream of the sensing cell: the antibody (in blue) captures the 

antigen (pink triangle) while immobilized on the chip via its capture DNA, . Upon release by SDR, the 

unreacted -TgAb conjugate is trapped in the sorting cell. Consequently, only the -TgAb conjugate-

antigen complex reaches the sensing cell.    

Results and discussion 

To evaluate capture and release via SDR, DNA microarray technology was 

initially used. The capture strand was labeled with Cy5 and the fuel strand with Cy3. 

After hybridization of the capture strand, the spots on the microarray were detected in 

the red channel (635 nm). When the fuel strands replaced the capture strands, the red 

signal was also replaced with the green one (532 nm) (Figure 2-1). While this data 

provides a qualitative proof of SDR-mediated release, it could not be used to estimate 

the SDR yield. The signal intensities were dispersed over a wide range and 

reproducibility was a major issue. The huge variation in signal arises from some 

combination of the susceptibility of Cy5 to oxidation via ozone [154,155], spot-to-spot 

printing variations [156], hybridization conditions [157,158] and local heterogeneity in 

refractive index of the slide and, in turn, its backgrounds, among other factors [159-161].  
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Figure 2-1: DNA microarray experiments provide the qualitative proof of SDR but lack the necessary 

reproducibility. 

An alternative approach to evaluate SDR for an assay is surface plasmon 

resonance (SPR). Unlike microarray experiments, the reproducibility of DNA 

hybridization on the BIACORE CM5 chips was very satisfactory (RSD 2.9% over 54 

hybridization/ NaOH regeneration cycles). The DNA probes were immobilized on the 

CM5 chips using the biotin-neutravidin interaction. In each regeneration attempt, the 

NaOH/NaCl solution was used to dehybridize the DNA duplexed on the chip. Such 

treatment regenerates the single stranded DNA probes with a very slight loss of probe 

density. The average signal loss per each regeneration cycle was measured to be 0.14% 

presumably due to the probe density loss.       

When the fuel strand is a full match for the capture strand, , and orthogonal (no 

stretch of more than 5 nucleotides can cross-hybridize) to the probes, , the signal ratio 

between the signal gain in the capture step and loss in the release step would directly 

give the ’ SDR yield (reaction 1 in Scheme 2-1). However, when the fuel strand, ’, is 

complementary to the probes on the chip the SPR signal will indicate the net mass 

displaced on the surface as a result of the release of the capture strand and hybridization 

of the fuel strand to the probes. To deconvolute the signal loss due to the ’ SDR 

(reaction 2 in scheme 2-3) from the gain caused by the simultaneous capture of the ’ 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

635 nm 532 nm

In
te

n
si

ty
 u

n
it

s 
(a

.u
.)

Channel

Signal comparisons between control and 
SDR

Control SDR



 17

fuel strand on the surface, we took advantage of a subsequent ’ SDR coupled to the first 

’ SDR (Scheme 2-3).  This makes it possible to estimate the amount of the capture 

strand still left bound after the ’ SDR. Therefore: 

β’ SDR Yield % = [1 – ((Signal drop due to α’ /α’ SDR yield)/total signal gained by 

capturing α))] x 100 

The release yields following the ’ SDR and the ’ SDR of a 30-mer capture 

strand were 72% and 84%, respectively. The SDR reproducibility was excellent (RSD for 

’ SDR 0.7% and for ’ SDR 1.1%).  

 

Scheme  2-3: SDR yield measurements on SPR could be performed directly for reaction 1 (’ SDR) but 

only indirectly for reaction 2 (’ SDR), because ’ binding to the surface generates signal and concurrent 

removal of  leads to the signal loss. To measure the SDR yield of reaction 2, a second step was coupled to 

it involving reaction 1. The second step measures the amount of  leftover from the first step.    

As mentioned earlier, if Scheme 2-2 is to work, there needs to exist a very highly 

efficient capture of the unreacted DNA-antibody conjugate in the sorting unit. Apart 

from the equilibrium constant of the antibody-antigen interaction, the mass transfer to 

the chip surface probably plays the most important role in attaining high capture yields. 

The laminar flow in a microfluidic channel usually follows a parabolic velocity profile, in 

which the velocity of the liquid is maximal at the center of the channel and approaches 

zero at the walls [162]. The reason for the limited mass transport is the existence of a 

thin layer of the liquid (usually several micrometers thick) called the “stagnant layer” 

right next to the surface of the chip [163]. The velocity of the stagnant layer is zero, 

namely, there is no flow of the liquid in it. The molecules within the main stream have to 
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diffuse across the stagnant layer to reach the surface of the chip and interact with the 

probes. Higher flow rates and longer injection/ hybridization times should therefore 

improve the mass transport to the surface of the chip by reducing the thickness of the 

stagnant layer. Figure 2-2 shows dependence of the signal on the flow rate and the 

molecular size of the DNA used for the hybridization. The biotinylated  probes were 

immobilized on the surface of a CM5 chip already functionalized with neutravidin. The 

hybridization of three different strand sizes (20mer, 30-mer, and 41-mer) partially 

complementary to  probes at several concentrations was examined. Three calibration 

curves for each strand were built, each at a fixed flow rate (FR). The semi-log sigmoid 

dose-response curves for each strand shift toward the left (higher signals for the same 

concentration) when the flow rate and the mass transport to the chip surface increase. 

The effect was much less conspicuous for the smallest DNA (’-20, a 20-mer) where a 

flow rate change from 10 to 30 μL/min only modestly shifted the curve to the left 

(Figure 2-2a). The highest concentration at which the curves start to show the same 

signals for the same concentration shifts to larger values as the molecules become larger 

(Figure 2-2). This is because the mass transfer is less efficient for the larger molecules, 

due to their smaller diffusion coefficients. 
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Figure 2-2: Effect of flow rate (FR) on hybridization of surface-bound  to X, where X is a 20-mer in a), a 

30-mer in b), and a 41-mer in c). The calibration curves for three different DNA sizes at different flow 

rates shift toward left with increasing the flow rate and thus the efficiency of the mass transfer.  

To further explore the impact of mass transfer limitation on SDR yields, the 

correlations between the ’ SDR yields (reaction 1 in Scheme 2-1) and factors such as 

flow rates, hybridization times, and concentrations of  and ’ were examined. For each 

data point shown in Figure 2-3, ’ SDR was done and its yield was obtained by dividing 

the signal loss after injection of ’-25 by the signal gained in the capture of -30. In the 

blue data series of Figure 2-3a, the flow rate (FR) of -30 hybridization was changed 

while all other parameters such as the flow rate for ’-25, hybridization times, and 
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concentrations were kept constant. For each data point in the blue series of Figure 2-3a 

the ’ SDR was done, but this time, only the flow rate (FR) was changed and all other 

parameters were the same. To study the effect of hybridization times of -30 and ’-25 

in Figure 2-3b, the flow rates were kept constant, so changing the volume of injection 

changed the injection time correspondingly. The other parameters such as 

concentrations of -30 and ’-25 plus their flow rates were constant throughout the 

experiments for Figure 2-3b. In panels c) and d) of Figure 2-3 all ’ SDR parameters 

were the same except for concentrations of -30 and ’-25, respectively. Opposite to the 

trend observed with the ’ hybridization, increasing the concentration, hybridization 

time or flow rates for  decreases the SDR yield. This is because much higher amounts 

of  were transferred to the chip surface in the capture step (Figure 2-3). Unexpectedly, 

there is a drop in the observed yield at very dilute concentrations of  (Figure 2-3c). We 

believe that it comes from the non-specific adsorption of  to the chip surface, with the 

small signals falling out of the linear range of the calibration curve.  
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Figure 2-3: Factors changing mass transport to the chip surface affect the ’ SDR yields. a) Flow rates 

(FR) for hybridization of -30 (blue curve) and ’-25 (red curve) will influence their surface 

concentrations and hence, the ’ SDR yields. b) Hybridization times of -30 (blue curve) and ’-25 (red 

curve) were changed by changing their injection volumes at a fixed flow rate. c,d) Concentrations of -30 

and ’-25 affect the ’ SDR yields.   
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amount of analyte captured on the solid phase is only a very small fraction of what exists 

in the solution. Validity of such an assumption, of course, depends on the concentration 

of the analyte, its actual adsorption isotherm, the capacity of the solid phase to capture 

and retain the analyte, and how facile the mass transport between the two phases is. If 

we release the captured fraction into the same volume as the original one, we will 

observe that the new concentration of the released analyte is much less than its 

concentration before the capture, unless the capture efficiency is near 100 %. This 

dilution effect may cause the new concentration to become too dilute to be detectable. 

Dilution may also lead to a drastic drop in the efficiency of any recapture process, 

especially if the process suffers from the restricted mass transport. The recapture of the 

DNA-antibody conjugate released from the cleanup chamber and sorted in the middle 

chamber is essential to quantifying the analyte in the sensing unit (Scheme 2-2), so 

dilution is a major concern.  

To examine the recapture yield of α following its release by β’ SDR, the second 

flow cell of the BIACORE CM5 chip was functionalized with a new probe called ε-36. 

The sequence of ε-36 is complementary to the first half of α-30 while the other half is 

complementary to the other probe, β. The sequence of ε-36 is also orthogonal to all 

other sequences but to its target, α-30. The α-30 recapture experiment was done in two 

cycles. In the first cycle α-30 was injected and captured, with the flow path set to pass 

through only the first flow cell, already functionalized with β probes. In the second cycle, 

the flow path was directed from the first flow cell to the second one, already 

functionalized with the ε-36 probes. β’-20 was then injected while the signals in both 

flow cells were being monitored simultaneously and in real time.  The recapture yield 

was calculated by dividing the amount of signal gained in the second flow cell, after 

injection of β’-20, by the total signal gained after the α-30 capture in the first cycle. The 

control experiment, in which the first cycle was skipped, showed no significant signal 

generation by exposure of the second flow cell to β’-20. The inverse relationship 

between the flow rate and the recapture yield is indicative of a more serious dilution 

effect with increased flow rate. Likewise, the volume in which the released DNA strand 

is carried away increases with flow rate, leading to yet more dilution (Figure 2-4). 
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Figure 2-4: The schematic of the recapture experiment is on the top. The percentage of recapture 

diminishes quickly with the flow rate due to the dilution effect. 

As shown in Figure 2-4, the maximum recapture efficiency attainable on the 

BIACORE chips is less than 20%, due to the dilution effect, the small surface area of the 

chip, and limited mass transport. This moderate α recapture efficiency will adversely 

affect the limit of detection of the assay. When two flow cells were functionalized with 

the  probes to increase the recapture surface area, 29% recapture efficiency was 

observed at a flow rate of 2 μL/min. Doubling the relative surface area of recapture 

enhanced the recaptured amount by about 88% under the same experimental 

conditions. This indicates the limited mass transport and small surface area play very 

significant roles.  

Thyroglobulin (Tg) is an FDA-approved cancer biomarker for the thyroid cancer 

[165,166]. Different plasma levels of Tg may be helpful in diagnosing thyroid cancer and 
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monitoring the progress of the disease and the treatment efficiency [167,168]. The 

monoclonal antibody against Tg (TgAb) was conjugated to the capture strand, . The -

TgAb conjugate was then captured on the chip in a BIACORE X instrument and the 

antigen, Tg, was incubated with it. The whole complex was released via ’ SDR with 

yields in the range of 72-82% depending on the concentrations of the conjugate and Tg.  

To test the assay design depicted in Scheme 2-2, the first flow cell of a CM5 

BIACORE chip was functionalized with β probes to form the cleanup unit. The second 

flow cell was functionalized with Tg to construct the sorting unit. The last two flow cells 

were functionalized with the  probes to achieve recapture and quantification in the 

sensing unit. In the capture step, the flow path was set to cover only the cleanup flow 

cell. As expected, the recapture efficiency of the -TgAb conjugate alone after a β’ SDR is 

only 17%, compared to 29% for the unconjugated  capture strand under the same 

conditions due to a more limited mass transfer to the chip surface for the bigger 

molecule. The severity of the problem manifests itself most in the sorting cell, where 

only 5% of the -TgAb conjugate was captured. When Tg was captured through the 

immobilized -TgAb conjugate, the recapture yield in the sensing cells dropped even 

more from 17% (at the flow rate of 2 μL/min) to 5% (at the flow rate of 5 μL/min). These 

poor recapture efficiencies both in the sorting and sensing cells expose the extent of 

limited mass transfer and dilution effects. The results call for increasing the surface area 

functionalized with the capture molecules, in order to achieve less resistance to mass 

transport and higher capture yields. It seems that the analytical scheme in Scheme 2-2 

could not be turned into a high performance sensitive assay unless the capture 

efficiency, especially in the sorting cell, is quantitative.  

Conclusions  

We employed DNA strand displacement reaction (SDR) to capture an antigen 

from the solution on the chip and further released it for detection. Our first efforts with 

DNA microarrays demonstrated SDR on a surface could be made to work, but the 

microarrays proved too irreproducible. We then showed the SDR was very reproducible 

(RSD 0.7-1.1 %) when performed via surface plasmon resonance. While the SDR, itself, 

proved to be a very efficient means of reversible analyte capture, the small surface area 
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of the capture and the properties of laminar flow led to inadequate mass transfer. To 

address this problem, the scheme demonstrated here needs to be refined to function on 

the beads where the surface to volume ratio is much larger. This approach is explored in 

the next chapter.   

Supplementary information 

Table 2-1 shows the reproducibility data for ’ SDR yield repeated 12 times on 

SPR to estimate the RSD value (0.6%). 
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Cycle 
8.7 μM -30 in 5x SSC (6, 2) 

Signal 

10 μM ’-25 in 5x SSC (4, 2) 

Signal 

’ SDR Yield 

% 

1 401 -290 72.3 

2 403 -292 72.5 

3 400 -288 72.0 

4 397 -286 72.0 

5 396 -283 71.5 

6 400 -286 71.5 

7 395 -282 71.4 

8 395 -281 71.1 

9 394 -281 71.3 

10 394 -280 71.1 

11 394 -280 71.1 

12 394 -280 71.1 

13 392 -279 71.2 

Average 396.5 -283.7 71.5 

SD 3.4 4.3 0.5 

RSD % 0.9 1.5 0.7 

Table 2-1: Reproducibility of ’ SDR on SPR 
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Table 2-2 presents the indirect measurement of the ’ SDR yield on SPR and its 

reproducibility over three cycles.  

Cycle 

8.7 μM -30 

in 5x SSC 

(6, 2) Signal 

3.0 μM ’-20 

in 5x SSC (4, 

2) Signal 

10 μM ’-25 

in 5x SSC 

(4, 2) 

Signal 

-30 leftover 

from ’ SDR 

= ’/0.61 

’ SDR yield = 

1 – (leftover 

/ total ) % 

1 393 -14 -40 -65.6 83.3 

2 388 -12 -40 -65.6 83.1 

3 388 -12 -36 -59.0 84.8 

Average 389.7 -12.7 -38.7 -63.4 83.7 

SD 2.9 1.2 2.3 3.8 0.9 

RSD % 0.7 -9.1 -6.0 -6.0 1.1 

Table 2-2: Reproducibility of ’ SDR on SPR. 

Experimental section  

Materials and methods 

DNA microarray slides were purchased from ArrayIt. Integrated DNA 

Technologies (IDT) synthesized all DNA strands. Human thyroglobulin (Tg) was 

purchased from Sigma-Aldrich. The monoclonal anti-thyroglobulin antibody (clone 

number 2H11) was from GeneTex. NeutrAvidin was obtained from Pierce. 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) were from Sigma-Aldrich. 2-(N-morpholino)ethanesulfonic acid (MES) buffer, 

Phosphate Buffer Saline (PBS), and Saline Sodium Citrate (SSC) buffer were made in the 

lab and their pH values were adjusted to 6.0, 8.3, and 7.4, respectively. The 10 mM 

HEPES buffer containing 150 mM NaCl and 0.005% P20 (HBS-P) at pH 7.4 already 

prepared, degassed, and filtered was from Biacore GE Healthcare. The HPN buffer was 
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prepared by increasing the NaCl concentration of HBS-P to 500 mM. The NanoDrop 

ND-1000 UV-Vis spectrometer, Photon Technology International (PTI) Fluorometer, 

GenePix microarray scanner, OmniGrid DNA microarrayer, Biacore X and Biacore 3000 

surface plasmon resonance (SPR) instruments were used. CM5 Chips were from Biacore 

(now GE Healthcare). The Biacore SPR instruments used in this study work in the fixed 

angle mode and report the change in intensity in response units (RU). They also take 

advantage of microfluidic technology that could generate two (in Biacore X model) or 

four flow cells (in Biacore 3000 model) on each chip. The pneumatic valves allow the 

flow paths to be chosen. A single flow cell could be isolated from the others by selecting 

the proper flow path. All DNA hybridizations on SPR were done at 25 C. GenePix Pro 

6.1 was used for the microarray data analysis. The antibody-DNA conjugation was done 

as described in Chapter 3 between the thyroglobulin antibody and  capture strand. 

DNA sequence design  

Four DNA sequences were designed using the online packages DINAMelt 

(http://mfold.rna.albany.edu/?q=DINAMelt/software) and OligoAnalyzer 3.1 

(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/). All sequences were 

checked for their melting points to make sure they were all above 45 C. The biotinylated 

probe strand, β, was made of 46 nucleotides; 13 of which at the 3’ end complementary to 

the first 13 nucleotides of the capture strand, α, at its 3’ end. The last 10 nucleotides at 

the 5’ end of β acted as a spacer stretch for the better folding of the duplexes. Two 

displacing “fuel” strands, β’ and α’, were also designed to release the captured α strand. 

β’ was composed of 20 nucleotides and a toehold of 7 nucleotides at the 5’ end to form a 

20 base pair duplex with the probe on the surface. The α’ fuel strand had 25 bases 

complementary to α including a toehold of 12 nucleobases on α and leaving 5 bases as a 

short spacer between the functional parts of α and the antibody conjugated to it at the 5’ 

end. The recapture biotinylated probe, -36, is complementary to a stretch of 16 bases at 

the 5’ end of α-30. β’-41 is fully complementary to β probes. The sequences were 

optimized to be free of any significant secondary structure at room temperature (on 

DINAMelt) and cross-hybridization involving a stretch of more than 4 nucleotides 
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(OligoAnalyzer 3.1). All toeholds were larger than 7 nucleotides to assure a fast SDR 

kinetics. The sequences are shown below: 

α-30: 5- TGA GAG ATA GAA TGA GAG GGA GGT GGC GGA -3 

α’-25: 5-TCC GCC ACC TCC CTC TCA TTC TAT C -3 

β-46: 5-/Biotin/ TCA CAC ACT ATC ACC ACT TTC TTC CAT CCT CAC TCC GCC ACC TCC C -3 

-36: 5-/Biotin/ TTT TTT TTT TCC CCC TTT TTT CTC ATT CTA TCT CTC -3 

β’-41: 5- GAT TAG GGA GGT GGC GGA GTG AGG ATG GAA GAA AGT GGT GA -3 

β’-20: 5-GGG AGG TGG CGG AGT GAG GA -3           

DNA microarray experiments 

An epoxy-functionalized microarray slide (ArrayIt) was pin-printed in two rows 

of 8 squares. Each square contained 49 (7x7) individual spots. The  probe solution (10 

μM) in 100 mM phosphate buffer was printed on the slides at 55% humidity and was left 

at 25% humidity for overnight to dry. The slide was then blocked in 5x SSC buffer 

containing 0.1% SDS and 1% BSA for 2 hour at 62 C in a Coplin jar (pre-hybridization 

step). After two quick washes in MilliQ water and 0.5x SSC, the slide was dried by 

centrifugation at 1500 rpm for 9 min. 2.0 μL -Cy5 (10.0 nM) in 5x SSC containing 

0.025% SDS was added to each square of the printed slide and was immediately covered 

with a coverslip to be protected from drying out. The slide was then put in the 

hybridization cassette where it was kept under high humidity. After 2 hours, the 

coverslip was removed and the hybridization solution was gently drained with a piece of 

Kimwipe. Immediately, to the first six squares was added Ctrl-TYE (2.0 μL/ square, 100 

nM) and to the next eight squares ’-Cy3 (2.0 μL/ square, 100 nM) and the SDR was run 

for 1 hour. The slide was first washed twice with 0.1% SDS in 2x SSC each time for 2 min 

and then twice with 1x SSC each time 2 min and was finally dried by centrifugation. The 

slide was scanned in both red and green channels immediately and the images were 

analyzed using the GenePix Pro 6.1 software package. All DNA hybridizations were done 

at room temperature (21-24 C).    
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SPR reproducibility experiments 

The CM5 chips have carboxyl functional groups on their surface. The EDC/NHS 

standard chemistry was used to immobilize neutravidin on the chips. Equal volumes of 

11.5 mg/mL NHS and 75.0 mg/mL EDC both in MilliQ water were mixed immediately 

upon preparation. For all SPR experiments, the following format is used to report the 

injection volume and flow rate: (injection volume, flow rate). The hybridization 

time could simply be calculated by dividing the injection volume in μL by the flow rate 

in μL/min. The actual injection volume is always 20.0 μL larger than the number 

reported in the brackets to account for the dead volume of the microfluidic pathways. 

The mixture of EDC/NHS mentioned above was injected (70, 10). Neutravidin in acetate 

buffer (1.0 mg/mL, pH= 4.5) was reacted to the activated surface (70, 10). Finally, the 

chip surface was passivated by injection (70, 10) of 1.0 M ethanolamine hydrochloride in 

water (pH= 8.5). Three injections (10, 10) of the regeneration solution (50 mM NaOH in 

1.0 M NaCl) assured all the non-specifically adsorbed neutravidin was removed. The 

biotinylated  probe in 5x SSC buffer (1.0 μM) was then immobilized (50, 10) followed 

by five more regeneration cycles (10, 10) to condition the surface and obtain a 

reproducible baseline level. The reproducibility experiment involved 54 cycles of 

NaOH/NaCl injection (2,5) followed by injection (15,5) of ’-20 (3.0 μM in 5x SSC). The 

drift in the signal level generated by ’-20 hybridization was representative of the 

relative amount of the probes lost upon exposure to NaOH/NaCl. 

SDR proof of concept on SPR 

For direct measurement of the ‘ SDR yield, -30 (8.7 μM in 5x SSC) was 

injected (6, 2) first generating 390 RU (response units) signal. ’-25 (10 μM in 5x SSC) 

was then injected (4, 2) reducing the signal level by 280 RU. The ’ SDR yield was 

calculated to be (280/390) x 100 = 72 %. The same experiment was repeated 12 times to 

estimate the RSD value (see Table 2-1). 

For indirect measurement of the ’ SDR yield, the steps shown in Table 2-2 were 

done. As a control and to calculate the ’ SDR yield at a concentration of -30 that 

would lead to the same amount of signal loss upon an ’ SDR, the surface was first 

exposed to different dilutions of ’-20 followed by injections of -30 (8.7 μM) and ’-25 
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(10 μM). A ’-20 concentration of 200 nM was picked to pre-occupy the surface capacity 

and reduce it to almost the same amount observed after the ’ SDR and before the ’ 

SDR in Table 2-2. The ’ SDR yield was (50/82)*100 = 61 %. The value of 0.61 in the 

fifth column of Table 2-2 is adopted from the control experiment explained above. In a 

separate control experiment, a 3.0 μM ’-20 in 5x SSC hybridization (4, 2) generated 

about 363 RU signal.   

Dose-response curves as functions of flow rates 

Different concentrations of ’-20 in 5x SSC were injected for 3 min over a chip at 

a constant flow rate for three different flow rates (2, 10, and 30 μL/min). The same 

curves were built for -30 and ’-41 to see how changing the DNA size from a 20-mer to 

a 30-mer and then a 41-mer would influence the mass transport to the chip surface. 

Optimization of ‘ SDR yield 

Flow rate studies: -30 (2.0 μM) and ’-25 (10 μM) were in 5x SSC buffer. For 

varying flow rates (2, 10, and 30 μL/min) of -30, the hybridization time (3 min) and ’-

25 injection parameters (4, 2) were kept constant. For varying flow rates of ’-25 the 

injection time was always 2 min and the injection parameters (6, 2) of -30 were kept 

the same.  

Hybridization time studies: -30 (2.0 μM) and ’-25 (10 μM) were in 5x SSC 

buffer. The flow rate was constant at 2.0 μL/min. When injection parameters needed to 

be kept constant, (6, 2) and (4, 2) were used for -30 and ’-25, respectively. Different 

hybridization times (1, 2, 3, 5, 15 min) were obtained by changing the injection volumes.  

Concentration studies: The flow rate was set to 2.0 μL/min and the 

hybridization times were 3 min and 2 min for -30 and ’-25, respectively. The 

concentrations of -30 and ’-25 were 2.0 μM and 10 μM, respectively, when kept 

constant.  

-30 Recapture 

To perform the recapture experiment the first flow cell of a CM5 BIACORE chip 

was functionalized with  probes and the second flow cell with  probes as described in 



 32

the reproducibility experiments. The  probe is complementary to the second half of -

30 and shows no cross-hybridization to ’-20 fuel strand. -30 (2.0 μM in 5x SSC) was 

captured on the first flow cell after a 3-min hybridization and later was released by 

injection of ’-20 (2.0 μM in 5x SSC) for 3 min at the same flow rate. This experiment 

was done at different flow rates. The ratio of the signals gained on the second flow cell to 

the first one yields the recapture efficiency.        

The same experiment was repeated on a BIACORE 3000 instrument, where four 

flow cells are formed on the CM5 chip. This time the first flow cell was functionalized 

with  probes and the last two flow cells with  probes. 

(-TgAb Conjugate + Tg) complex release on BIACORE X 

All injections were done for 3 min at 5 μL/min on a CM5 chip functionalized with 

 probes. The chip surface was first passivated with a BSA solution (1.0 mg/mL) in HBS-

P buffer and then, the -TgAb conjugate (42 ug/mL) in HPN was injected. After another 

BSA passivation, Tg (225 ug/mL) in HBS-P was captured on the chip. Finally, ’-25 (5.0 

μM) in HBS-P was injected to release the antibody-antigen complex.  

-TgAb conjugate recapture on BIACORE 3000 

After a BSA passivation (50, 10), -TgAb conjugate was captured (6, 2) on the 

first flow cell (517 RU signal). The flow path was then set to pass through flow cells 1 to 

4. Flow cells 3-4 were already functionalized with  probes. Injection (6, 2) of 1.0 μM ’-

20 in HBS-P buffer released the conjugate from the first flow cell. It was partly 

recaptured later on flow cells 3-4 (90 RU signal).    

(-TgAb Conjugate + Tg) complex recapture on BIACORE 3000 

The same procedure as the one described in the last section was used with the 

following changes: after the conjugate capture, Tg was injected and the total signal gain 

was 1092 RU. The release step was done using the same concentration of ’-20 for 3 min 

at 5 μL/min. 57 RU signal was gained in the recapture.  
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CHAPTER 3  

DNA STRAND DISPLACEMENT REACTION 

FOR PROGRAMMABLE RELEASE OF 

BIOMOLECULES 

Sample cleanup is a major processing step in many analytical assays, and the 

capture and subsequent release of the analyte from a solid phase is a common 

strategy. Here, we propose an approach to capture-and-release based on the DNA 

strand displacement reaction (SDR) and demonstrate its application to a 

fluoroimmunoassay on beads for a thyroid cancer biomarker, thyroglobulin. The 

DNA-directed immobilization of the primary thyroglobulin antibody on the silica 

microparticles is attained through its conjugation to a single-stranded DNA partially 

complementary to the DNA probes on the beads. Upon formation of a secondary, 

labeled antibody-antigen sandwich complex, the complex was specifically released via 

SDR for fluorimetry. The SDR-based cleanup showed no interference from matrix 

molecules in serum.  

Introduction 

The non-specific adsorption of matrix macromolecules in biological samples on 

solid supports often poses a big challenge to the accuracy and proficiency of assays 

through matrix effects [152,169]. Increased noise levels [153] and interferences with the 

analyte signal are common as a result [170]. Besides employing non-fouling surfaces 

[152,153], it can be effective to employ sample clean up steps prior to quantification 

[169]. One straightforward cleanup method is the specific capture and subsequent 

release of an analyte, for instance in solid phase extraction, or when using antibody-

functionalized magnetic beads [171]. However, the significant change in solvent or 
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thermal conditions required for release means that many techniques still suffer from 

interference by matrix molecules, as they may also be released by the changed 

conditions. A methodology that involves highly specific binding and release, that does 

not require changed conditions (such as pH or ionic strength [172]) would be 

advantageous. Here, we exploit DNA hybridization, followed by a strand displacement 

reaction (SDR) as a very specific and programmable capture-and-release tool, which 

does not require changing buffer or temperature conditions. Instead, the specific release 

is achieved via SDR, a concept used in DNA biomolecular chemistry that provides rapid, 

isothermal dehybridization. SDR is one of the commonly used techniques in DNA 

nanotechnology [4] and molecular beacon-based sensing [14,15].  In the displacement 

reaction, two DNA single strands both complementary to the same template are used 

sequentially. The DNA strand with the larger number of matched nucleobases (also 

called a fuel strand) will replace the other strand already duplexed to the template 

[4,38], driven by forming a more thermodynamically stable duplex (Scheme 3-1). The 

nucleation site for the fuel on the template strand is sometimes referred to as the 

“toehold” [38]. The SDR is a fast, efficient, specific, and isothermal reaction and all 

these features are favorable in a sample cleanup technique. 
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Scheme  3-1: Two possible ways of releasing the α capture strand off the surface using SDR. On the top, α 

is released as a duplex and at the bottom, as a single strand.  

Fluoroimmunosorbent assays (FIA) [173] are well-established techniques in 

bioanalytical chemistry. They are negatively influenced by the matrix effect [134] and 

the background noise resulting on a solid support [174]. A highly specific release step in 

the assay, so that the signal reading could be done in solution ideally free of matrix 

molecules, would improve performance. We selected the challenging thyroid cancer 

biomarker, thyroglobulin (Tg) [165,166], immunoassay as the model to demonstrate the 

use of SDR for specific release of an immunosorbed complex. Tg is a challenging choice 

because it is huge (MW 660 kDa) and might exhibit a higher propensity for 

immunoprecipitation on beads even at low concentrations. The SDR was integrated into 

a sandwich FIA for thyroglobulin (Tg) [165,166], as a cleanup method. We first 

demonstrate that the SDR-mediated release scheme works effectively on silica 

microparticles functionalized with a relevant DNA probe. The thyroglobulin monoclonal 

antibody (TgAb) was conjugated to a capture DNA strand, α, [175,176] giving α-TgAb 

conjugate. It was immobilized on beads through duplex formation between capture and 

probe strands. An antibody-antigen-labelled antibody sandwich complex was 
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subsequently formed on the bead. The complex was then released from the beads using 

a SDR and was quantified in solution by fluorescence spectroscopy.  The purpose of this 

study is to introduce use of the SDR process as a highly selective capture and release 

tool. 

Results and discussion 

To demonstrate that the SDR on beads is fast and efficient, the 2 μm carboxylated 

silica beads were first functionalized with neutravidin through the standard EDC/NHS 

chemistry [177,178]. The biotinylated probes were then fixed on the beads using the 

strong biotin-avidin interaction [179,180]. They were either partially complementary (β) 

or non-complementary (Ctrl) to the capture strand. The capture strand, α, labeled with 

carboxyfluorescein (FAM) was captured on 1.5 mg of beads in a hybridization step, 

followed by three washes. Finally, an incubation with the fuel strand, β’, released the 

captured α strand via SDR. At the end of each step, the beads were pelleted by 

centrifugation and the supernatants were analyzed by fluorimetry. The beads were re-

suspended at the beginning of each step using a bench-top vortex.  

The SDR on beads happens fairly fast, with a high efficiency (90% when β’ is the 

fuel strand), as indicated in Figure 3-1. The reproducibility of the process is very good 

and the RSD values for β’ SDR capture and release are 2.8% and 5.6%, respectively. 

There is no detectable release off the control beads (Figure 3-1). These findings confirm 

the specific nature of the DNA sequence-mediated capture and release.  
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Figure 3-1: Proof of concept of SDR-mediated release on beads. The amounts of -FAM (on y axis) were 

calculated based on its concentrations in the supernatants at the ends of both capture and release steps 

(on x axis) using the -FAM calibration curve (Figure 3-7 in supplementary info). The captured amount in 

the control experiment was because of non-specific adsorption of -FAM.  

To integrate the SDR-mediated release with an immunofluorometric assay on 

beads, the primary antibody should be conjugated to the capture strand, α (Scheme 3-

2). The steps needed to do such an assay include DNA-directed immobilization of the 

primary antibody on the beads, incubation of the antigen, then the labeled secondary 

antibody, and eventually release via hybridization of the fuel strand (Scheme 3-2). 

surface plasmon resonance (SPR) spectrometry was used to analyze the binding 

interactions, providing real time image of the binding events, and insights into the 

effects of non-specific adsorptions and steric hindrance on the SDR-mediated release of 

the complex. On a Biacore chip bearing the biotinylated β probes the α-TgAb conjugate 

was immobilized and the antigen (Human Tg) and the secondary antibody (TgAb-FAM) 

were subsequently added to form the immunosorbed sandwich complex. The beads 

were then subjected to the fuel strand α’-25, giving 49% release of the sandwich complex 

(Table 3-1 in supplementary info). (Figure 3-6 of supplementary info shows the SPR 

sensogram based on which Table 3-1 was compiled.) Notably, a prior surface passivation 

with bovine serum albumin (BSA) was necessary. SPR traces showed that BSA 

treatment as a prior surface passivation step significantly improved the SDR yield by 

suppressing non-specific adsorption of the α-TgAb conjugate, Tg, and TgAb-FAM. We 

also noted the SDR yield for removal of the α-TgAb conjugate (MW ~ 160 kDa) alone 
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was about 88%, in contrast to the 49% release for the sandwich complex (MW ~ 970 

kDa). Such a significant drop in SDR yield may arise from reduced accessibility of the 

toehold for α’-25 or a much stronger barrier to mass transport, in the presence of the 

sandwich complex. Additionally, multivalent TgAb-Tg bindings, also known as “avidity” 

[181,182], may contribute to reduced release. Although TgAb used here is a monoclonal 

antibody, Tg is an oligomer comprised of several subunits and might contain several 

copies of the same epitope.  

 

Scheme  3-2: SDR was integrated to a FIA on beads for sample cleanup. 

The surface density of primary antibody on the beads is a potentially important 

factor in assay performance, and is governed by the concentration of the capture agent, 

α-TgAb conjugate, during surface loading with the conjugate. To optimize performance, 

we examined the capture and release profiles for sandwich complexes (α-

TgAb/Tg/TgAb-FAM) as a function of different concentrations of the conjugate during 

surface loading. The sandwich complex release efficiency decreases significantly when 

the surface of the beads is overcrowded with conjugate; that is when conjugate is loaded 

on the beads at concentrations above 50 g/mL (Figure 3-2). This may be due to the 

decreased accessibility of the toeholds on the probes to the fuel strand, or to more 

cooperativity in antibody-antigen binding (avidity) [181,182]. It is important to select a 
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conjugate concentration that gives rise to the optimal density of conjugates on the 

surface. Figure 3-2 shows that a solution concentration range of 20-50 g/mL for the 

conjugate results in the highest release yield for the sandwich complex. (Figure 3-8 in 

the supplementary info includes the capture and release profiles used to prepare Figure 

3-2). 

 

Figure 3-2: The DNA-directed immobilization of the conjugate on the beads makes its solution 

concentration dictate its surface density. The conjugate surface density, in turn, influences the SDR yields. 

The highest SDR yields lie in the -TgAb conjugate concentration range of 20-50 g/mL. 

Ideally, the release yield should be independent of the concentration of antigen 

for a fixed surface loading concentration of the conjugate. To calculate the SDR release 

efficiencies, calibration curves for the capture and release of Tg were obtained (Figure 3-

3). The capture curve and the release curve do not show a big difference in the 

saturation concentrations at which they reach their plateaus (Figure 3-3). (Figure 3-9 in 

the supplementary info examines the linear ranges of capture and release profiles shown 

in Figure 3-3.) This is consistent with the assumption that at a fixed solution 

concentration of the conjugate, its surface density has remained the same for all 

different concentrations of the antigen. In agreement with the results obtained from 

SPR, the SDR yield on beads for the labeled unconjugated α strand (90%) is larger than 

for the sandwich complex (63-82%) on beads. 
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Figure 3-3: Capture and release profiles of the antigen, Tg, at the fix [-TgAb] of 40 g/mL were used to 

estimate the release yields in Figure 3-4. 

As expected, the release to capture signal ratios stays almost constant at different 

concentrations of the antigen, although there is some difference at lower antigen 

concentrations (Figure 3-4). The non-specific portion of capture constitutes a significant 

fraction of the total capture signal at the lowest concentrations, leading to 

underestimation of the signal ratios at the lower end. The term “signal ratio” was used 

instead of the SDR yield because the non-specific capture was not subtracted from the 

total capture in this data set. 

 

Figure 3-4: The release to capture signal ratios stay almost constant when the conjugate density on the 

surface is kept the same. 
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After the above study of the SDR-based capture in buffer, the performance was 

then tested in buffer and in serum spiked with Tg, with the release step performed in 

buffer. In data presented above, used to estimate the SDR yields, the concentration 

range for Tg was much higher than the clinically relevant one (above 2 ng/mL to g/mL 

[167,168]). The calibration curves for Tg in both buffer and serum are shown in Figure 

3-5. The presence of the complex matrix molecules clearly has no significant negative 

effect on the performance of the assay in serum. The linear range for the Tg detection is 

12.6-2000 ng/mL for Tg in the serum (R2= 0.998) (Figure 3-5). The differences in 

signal intensities between the two curves stem from the slightly different solution 

concentrations of the -TgAb conjugate during bead surface loading (20.0 g/mL in 

case of buffer and 23.0 g/mL for the spiked serum) (Table 3-2 in supplementary info). 

The RSD of release for the triplicate measurements of a Tg concentration (62.5 ng/mL) 

in the lower end of the spiked serum calibration curve was 4.2%. It was also observed 

that similar release efficiency was achievable with ’-25 as the fuel strand instead of ’-

20 (Figures 3-12 and 3-13 in supplementary info).  

It is also worth mentioning that the dynamic range of the assay could be shifted 

to a desired concentration range by changing the experimental conditions. This is 

evident from comparing Figure 3-5 with Figure 3-9, where changing the conjugate 

concentration and instrumental sensitivity led to a shift in dynamic range toward much 

less Tg concentrations. 
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Figure 3-5: The calibration curve for Tg captured from spiked serum samples and released into a buffer 

shows a performance similar to the Tg in buffer samples. 

Conclusions 

We demonstrated the successful application of the DNA strand displacement 

reaction (SDR) to the sequential capture and release of an antigen, thyroglobulin, and 

its sandwich antibody complex. Addition of such a fast, efficient, and in situ cleanup 

mechanism to a conventional fluoroimmunosorbent assay on beads will provide an 

additional aid in overcoming non-specific adsorption. This sort of capture and release 

tool could potentially be integrated into other assay formats. It also lends itself to 

multiplexing given the sequence-specific nature of the DNA duplex formation.  

Supplementary information 

Characterization of the conjugate by surface plasmon resonance 

(SPR) measurements 

To assure that the conjugates are comprised of the α-30 capture strand covalently 

attached to a still functional TgAb, interaction analyses were performed on a Biacore X 
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SPR instrument. A CM5 Biacore chip was functionalized with neutravidin using the 

standard EDC/NHS chemistry [183] and the biotinylated β-46 probes were immobilized 

on the chip. The surface was first passivated by injecting BSA 0.1% in HBS-P buffer and 

then the α-TgAb conjugate (91.5 μg/mL with respect to TgAb) was injected to the 

surface of the chip to immobilize the conjugate via duplex formation between the α-30 

capture strand of the conjugate and the immobilized β probes on the chip. The Human 

Thyroglobulin (Tg) antigen (225 μg/mL) was then injected followed by the injection of 

the secondary antibody, TgAb-FAM, (180 μg/mL) to form the sandwich complex on the 

chip. The complex was released after injection of the fuel strand α’-25 (5.0 μM). It 

should be noted that α’-25 was used here because its sequence is orthogonal to the β 

probes on the surface and will not bind to surface to generate any signal. As a result of 

this, the signal loss observed upon injection of α’-25 is entirely due to the DNA strand 

displacement reaction. The same experiment was repeated without the antigen (Tg) 

injection step to examine the non-specific adsorption of TgAb-FAM and also the SDR 

yield of the α-TgAb conjugate alone. The SPR data in response units (RU) is shown in 

details in Table 3-1: 
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Step 
Time 

(seconds) 

Signal change in RU 

(experiment) 

Time 

(seconds) 

Signal change in 

RU (control) 

BSA (1.0 mg/mL) 900 - 5.0 5406 6.7 

α-TgAb conjugate 

(91.5 μg/mL) 
1563 2902 6092 2941 

BSA (1.0 mg/mL) 2031 - 9.0 6755 - 9.4 

Tg (225 μg/mL) 2665 1535  No injection 

BSA (1.0 mg/mL) 3103 - 8.9  No injection 

TgAb-FAM (180 

μg/mL) 
3788 410 7382 - 1.3 

α’-25 fuel (5.0 μM) 4403 -2334 8120 - 2575 

Total Capture  4824  2937 

α’-25 SDR Yield 

(%) 
 48.4  87.7 

Table 3-1: SPR Signal level changes were calculated by subtracting the signal level before the injection 

from the one after the injection where the signal is fully stable. A negative value for the signal level change 

means the signal dropped by that amount. All injections were at 5.0 μL/min and the injection volume of 

15.0 μL. The times columns correspond to the X axis of the sensogram shown in Figure 3-6.  
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Figure 3-6: The SPR sensogram based on which Table 3-1 was composed. To find which peak relates to 

which step see Table 3-1.  

In a separate control experiment, the α-30-SH capture strand and the 

unconjugated TgAb were mixed together and injected over the chip. Incubation of the 

antigen, Tg, in the next step produced no signal confirming that the covalent attachment 

of the capture strand, α-30, to TgAb is crucial to the successful immobilization of TgAb 

on the chip. 

Calibration curve for -FAM 

To pick a concentration that falls in the linear range of α-FAM, a standard curve 

was obtained using different dilutions of the α-FAM stock: 
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Figure 3-7: Standard curve for α-FAM. 

The 500 nM concentration was taken for the experiment. This calibration curve 

was used to estimate the concentrations of α-FAM in the supernatants and thus 

calculate the captured and released amounts reported in Figure 3-1 in pmoles. 

Optimization of α-TgAb conjugate concentration 

The general procedure for FIA on beads (see experimental section) was adopted 

using five different concentrations of -TgAb conjugate. For each concentration of the 

conjugate a replicate with the Ctrl probe-functionalized beads was done at the same 

time. The capture signal of the Ctrl beads was subtracted from the capture signal of its 

corresponding experiment to account for the capture resulted from non-specific 

adsorptions. The yield in percentage (in Figure 3-2) was the release signal divided by the 

Ctrl-subtracted capture signal at each conjugate concentration. Figure 3-8 shows the 

capture and release profiles as functions of -TgAb conjugate concentration. This figure 

was used to obtain release yields in Figure 3-2.  
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Figure 3-8: Capture and release profiles as functions of [α-TgAb conjugate]. 

Linearity of capture and release profiles at a fixed conjugate 

concentration 

The linearity of capture and release profiles presented in Figure 3-3 was 

investigated in Figure 3-9. A calibration curve for TgAb-FAM was obtained using 

different concentrations of TgAb-FAM (Figure 3-10). The calibration curve for TgAb-

FAM is a control to assure that the labeled secondary antibody behaves linearly in the 

concentration ranges studied.   

 

Figure 3-9: Examining the linear ranges of the capture (left) and release (right) profiles shown in Figure 

3-3.  

0

50000

100000

150000

200000

250000

0 50 100 150 200

F
lu

o
re

sc
en

ce
 s

ig
n

al
 (

A
F

U
)

[α-TgAb Conjugate] (ug/mL)

Release

Capture

y = 3371.1x + 9861
R² = 0.979

0

20000

40000

60000

80000

100000

120000

140000

160000

0 20 40 60

F
lu

o
re

sc
en

ce
 s

ig
n

al
 

(A
F

U
)

[HumTg] (ug/mL)

y = 5278x + 26270
R² = 0.977

0

50000

100000

150000

200000

250000

0 20 40 60

F
lu

o
re

sc
en

ce
 s

ig
n

al
 

(A
F

U
)

[HumTg] (ug/mL)



 48

 

Figure 3-10: Calibration curve for TgAb-FAM in buffer indicates that the TgAb-FAM response is 

completely linear in the concentration range of interest.  

The linearity of the capture and release profiles (Figure 3-9) is much worse than 

the one for TgAb-FAM (Figure 3-10) as is evident from the linear regression coefficients. 

Linearity depends on many factors including the non-specific adsorptions and how 

strong the multivalent antigen-antibody binding is across the concentration range 

examined, among the others. Both mentioned factors would improve at the lower Tg 

concentrations. 

Comparison of calibration curves for Tg in serum versus Tg in 

buffer 

The general procedure for FIA on beads was followed (see experimental section) 

with six different concentrations of Tg in buffer and in bovine serum to build the 

calibration curves in Figure 3-5. Of particular interest is the improvement observed with 

linearity in terms of the regression coefficients when compared to Figure 3-9. In Figure 

3-5, a much lower concentration range (62.5-2000 ng/mL) for Tg was examined. The 

calibration curve for TgAb-FAM in buffer under the same instrumental setups 

establishes a control experiment (Figure 3-11), assuring that the labeled secondary 

antibody behaves linearly in the concentration ranges studied.   
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Figure 3-11: Calibration curve for TgAb-FAM in buffer shows a perfectly linear response for the labeled 

secondary antibody in the concentration range of interest.  

Table 3-2 shows how an increase of roughly 15% in the solution concentration of 

the conjugate from the buffer to serum experiments manifests itself almost 

proportionately as higher release signals in serum. This is especially the case at the 

higher and intermediate concentrations of the calibration curves shown in Figure 3-5. 
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[Tg] (ng/mL) Signal in buffer Signal in serum Signal ratio (serum/buffer) 

2000 815997 916370 1.12 

1000 439341 481915 1.10 

500 224413 255673 1.14 

250 127954 143233 1.12 

125 57539 69018 1.20 

62.5 26184 35377 1.35 

Table 3-2: The signal ratios of release in serum to release in buffer indicate roughly the same magnitude 

of increase in probe densities when there was a 15% increase in the solution concentration of the 

conjugate. 

SDR-mediated release using different fuel strands 

Although all results shown so far were obtained using the β’-20 fuel strand, both 

SDR formats were found to work with almost similar yields as indicated in Figure 3-12. 

Following the general procedure for Tg FIA on beads and using Tg (1.0 μg/mL) in HBS-

P buffer, three different release experiments were conducted using α’-25, β’-20, and α’-

25+β’-20 as fuel strands. It should be noted that α’-25 and β’-20 have 13 complementary 

base pairs and form a partial duplex as soon as they are mixed together. Nonetheless, 

the release efficiency for the mixture remains almost the same as the ones for the each 

fuel strand alone (Figure 3-12), probably due to the higher resistance to the mass 

transport of the combined fuel strands to the surface.    
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Figure 3-12: Both SDR formats will bring about very efficient releases at [Tg]= 1.0 μg/mL in buffer. 

When the same experiments were repeated with Tg in the bovine serum at a 

much lower concentration of 62.5 μg/mL similar results were obtained (Figure 3-13). 

This indicates that the release efficiency does not depend on whether the toehold is 

embedded in the capture strand sequence or in the probe sequence, which is closer to 

the surface. 

 

Figure 3-13: Effect of fuel strand type on the release signal at low [Tg] in serum. 
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Experimental section  

Materials and methods  

Integrated DNA Technology (IDT) synthesized all DNA strands. Human 

thyroglobulin was purchased from Sigma-Aldrich. The monoclonal anti-thyroglobulin 

antibody (clone number 5E6) and the FAM-labeled monoclonal anti-thyroglobulin 

secondary antibody (clone number 6F9) were from HyTest. NeutrAvidin was obtained 

from Pierce. Silica microparticles functionalized with carboxyl groups (2 μm mean 

diameter) were from Bang Laboratories. 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) were from Sigma-Aldrich. Sulfosuccinimidyl-4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC) was from GBiosciences. 2-

(N-morpholino)ethanesulfonic acid (MES) buffer, Phosphate buffer Saline (PBS), and 

Saline Sodium Citrate (SSC) buffer were made in the lab and their pH values were 

adjusted to 6.0, 7.2, and 7.4, respectively. The 10 mM HEPES buffer containing 150 mM 

NaCl and 0.005% P20 (HBS-P) at pH 7.4 already prepared, degassed, and filtered was 

from Biacore GE Healthcare. The HPN 0.5 M buffer was prepared by increasing the 

NaCl concentration of HBS-P to 500 mM. All DNA hybridizations were done at room 

temperature (21-24 C). The ultrafiltration devices and Glen Gel-Pak DNA desalting 

columns were bought from Millipore and Glen Research, respectively. The NanoDrop 

ND-1000 UV-Vis spectrometer, Photon Technology International (PTI) Fluorometer, 

Biacore X SPR and Applied Biosystems Voyager MALDI-TOF-MS instruments were 

used. The CM5 Chips were from Biacore (now GE Healthcare). The BCA kit was from 

Pierce.  

DNA Sequence design  

Four DNA sequences were designed using the online packages DINAMelt 

(http://mfold.rna.albany.edu/?q=DINAMelt/software) and OligoAnalyzer 3.1 

(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/). All sequences were 

checked for their melting points to make sure they were all above 45 C. The 5’-

biotinylated probe strand, β, was made of 46 nucleotides; 13 of which at the 3’ end 
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complementary to the first 13 nucleotides of the capture strand, α, at its 5’ end. The last 

10 nucleotides at the 5’ end of β acted as a spacer stretch for better folding of the 

duplexes. Two displacing “fuel” strands, β’ and α’, were also designed to release the 

captured α strand. ’ was composed of 20 nucleotides and a toehold of 7 nucleotides at 

the 5’ end to form a 20 base pair duplex with the probe on the beads. The α’ fuel strand 

had 25 bases complementary to α leaving a toehold of 12 nucleobases on α and 5 bases 

as a short spacer between the functional parts of α and the antibody conjugated to it at 

the 5’ end. The sequences were optimized to be free of any significant secondary 

structure at room temperature (on DINAMelt) and any cross-hybridization involving a 

stretch of more than 4 nucleotides (OligoAnalyzer 3.1). All toeholds were larger than 7 

nucleotides to assure a fast SDR kinetics. The sequences are shown below: 

α-30: 5-/Thiol or FAM/ TGA GAG ATA GAA TGA GAG GGA GGT GGC GGA -3 

α’-25: 5-TCC GCC ACC TCC CTC TCA TTC TAT C -3 

β-46: 5-/Biotin/ TCA CAC ACT ATC ACC ACT TTC TTC CAT CCT CAC TCC GCC ACC TCC C -3 

Ctrl-46: 5-/Biotin/ ACA CAC ACA CAC ACA CAC ACA ACA CAC ACA CAC ACA CAA CAC TAC T -3 

β’-20: 5-GGG AGG TGG CGG AGT GAG GA -3           

Immobilization of the DNA probes on silica beads 

Each step described here involving a reaction or process on beads starts with re-

suspending the beads after addition of buffers/reagents using a benchtop vortex and 

ends with spinning down the beads at 10,000 g for 3 min to remove the supernatant 

using a micropipette. The 2.0 µm silica microparticles already grafted with linkers 

containing carboxyl groups at their ends were from Bang Laboratories. For a typical 

NeutrAvidin immobilization [177,178,184-186], 30 mg beads were washed with 1.0 mL 

MilliQ water, and soaked in 1.0 mL MES buffer (pH= 6.0) for overnight. The beads were 

then centrifuged down again, the supernatant was discarded, 1.0 mL fresh MES was 

added and the suspension was sonicated for 90 min. 500 μL freshly prepared EDC 

(0.4M) was mixed with 500 μL freshly prepared NHS (0.4M) and the mixture was 

added immediately to the beads. After 10 minutes the beads were washed with 1.0 mL 
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MES6.0 buffer quickly. 750 μL NeutrAvidin (0.4 mg/mL) in MES6.0 buffer was added 

to the beads and incubated with them for 8 hours on vortex. To quench any unreacted 

activated NHS ester, 1.0 mL Ethanolamine 1.0 M (pH= 8.5) was used for 30 min on 

vortex. Two more washes each time with 1.0 mL 2.5x SSC for 1 min on vortex would 

make the beads ready for the immobilization of the probes. 1.20 mL DNA probes (either 

β-46 or Ctrl-46 biotinylated at their 5’ ends, 2.5 μM) in 2.5x SSC buffer were mixed with 

the beads for 16 hours on vortex. Two washes each time with 1.0 mL HBS-P buffer for 1 

min on vortex were done at the end and finally the bead suspensions were divided into 

20 equal portions of each 1.5 mg.  

Synthesis of the conjugate 

Sulfo-SMCC was chosen as the small molecule linker between the DNA single 

strand and the Anti-Thyroglobulin primary antibody (TgAb). Sulfo-SMCC reacts with its 

NHS ester end to the amino groups on the amino acid side-chains of the antibody and 

through its Maleimide functionality to the thiolated α-30 capture strand. Hence, the 

synthesis is accomplished in three steps: 

1) Sulfo-SMCC attachment to TgAb 

The kinetics of the reaction depends on the concentrations of the reagents, the 

molar ratio, and the reaction time. The procedure should be customized for each 

antibody, as they might be very different in reactivity as a result of their sources, 

clonality, post-translational modifications and hosts. The recipe presented here was 

compiled based on previously reported [175,176,187-189] procedures and was 

specifically optimized for TgAb.  

For a typical reaction, 100 μg TgAb (clone # 5E6) was used. The antibody is 

supplied in PBS buffer containing 0.1% Sodium Azide as a preservative. Since an azide 

could act as a nucleophile, it is necessary to remove it before the reaction. Three 

filtrations and buffer exchanges with PBS pH 7.2 on an Amicon ultrafiltration device 

(MWCO 50 kDa) at 14000 g (for 3 min each time) removes the azides efficiently. Sulfo-

SMCC was dissolved in PBS pH 7.2 to yield a concentration of 1.0 mg/mL. 100 μL TgAb 

(1.0 mg/mL, 666.7 pmole) was then reacted to the 8x molar excess of Sulfo-SMCC (5.33 

nmole, 1.0 mg/mL) for 30 min on vortex. After 30 min, the reaction mixture was 
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centrifuged at 21000 g for 2 min to make sure no precipitation has occurred. 

Ultrafiltration and buffer exchange with PBE for three times (at 14000 g, 3min each 

time) using an Amicon filter (MWCO 50 kDa) removed the unreacted/ hydrolyzed 

Sulfo-SMCC and small-molecule by-products. The functionalized TgAb was quantified 

by a NanoDrop UV-Vis spectrometer. 

2) Disulfide bond reduction of α-30 capture strand 

The thiolated α-30 capture strand from IDT (α-30-Thiol) bears a disulfide bond 

at its 5’ end with a C6 linker. Thus, it is necessary to reduce that bond to obtain 

nucleophilic thiol groups. The DTT reduction procedure could be carried out using 10-

300 mM DTT at pH 8.0 to 8.5 for 30 min [190-193]. It should be noted that pKa for the 

thiol group is about 8.3 and therefore, pH of PBE used in this work was set to 8.3. 250.0 

µL α-30-Thiol (10.0 μM) in PBE pH 8.3 was used to dissolve 11.6 mg DTT (making the 

final concentration of 300 mM DTT) and the reaction was run at room temperature on 

the vortex for 4 hours. A Glen Gel-Pak gravity column for DNA desalting was used to 

purify the reduced α-30-Thiol and remove the small molecule by-products and 

unreacted DTT based on size exclusion chromatography. The reduced α-30-Thiol 

collected from the column was quantified by NanoDrop and used immediately in the 

next reaction to minimize the chance of re-oxidation.  

3) Conjugation of the reduced α-30-Thiol strand to the maleimide group of 

TgAb-SulfoSMCC 

To obtain a DNA:Ab ratio of around 1.0 in the product, an experimental ratio of 

1.2 DNA:Ab was established. Different optimization attempts also indicated that the 

initial concentrations of TgAb-SulfoSMCC and the reduced α-30-Thiol should be 

approximately 1.0 μM each. In a typical reaction, 144 μL TgAb-SulfoSMCC (0.84 

mg/mL, 805 pmole) was diluted to 644 μL using PBE buffer pH 7.2 and was added to it 

212 μL reduced α-30-Thiol (4.56 μM, 967 pmole) in PBE buffer pH 7.2. The reaction 

time was 30 min on vortex and centrifugation at 21000 g for 2 min at the end showed no 

precipitation. The unreacted reduced α-30-Thiol was removed using an Amicon 

ultrafiltration device (MWCO 50 kDa) by three filtrations (at 14000 g each time for 3 

min) and buffer exchange with HBS-P buffer containing 500 mM NaCl (HPN). The 
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concentration of α-TgAb conjugate was measured by UV-Vis spectrometry and the 

DNA:Ab ratio was calculated to be 0.98 using the molar extinction coefficients of TgAb 

and α-30-Thiol at 260 nm and 280 nm. The BCA protein assay for a number of 

conjugated products made in different batches was in a very good agreement with the 

values calculated from the UV-Vis measurements.  

Characterization of the conjugate by SPR measurements 

To assure that the conjugates are comprised of the α-30 capture strand covalently 

attached to a still functional TgAb, interaction analyses were performed on a Biacore X 

SPR instrument. A CM5 Biacore chip was functionalized with neutravidin using the 

standard EDC/NHS chemistry [183] and the biotinylated β-46 probes were immobilized 

on the chip. The surface was first passivated by injecting BSA 0.1% in HBS-P buffer and 

then the α-TgAb conjugate (91.5 μg/mL with respect to TgAb) was injected to the 

surface of the chip to immobilize the conjugate via duplex formation between the α-30 

capture strand of the conjugate and the immobilized β probes on the chip. The Human 

Thyroglobulin (Tg) antigen (225 μg/mL) was then injected followed by the injection of 

the secondary antibody, TgAb-FAM, (180 μg/mL) to form the sandwich complex on the 

chip. The complex was released after injection of the fuel strand α’-25 (5.0 μM). The 

SPR data in response units (RU) is shown in details in Table 3-1. 

SDR-based release of α-FAM 

Each step described from this point on starts with re-suspending the silica beads 

functionalized with β probes in the reaction solution, vortexing for a specified period of 

time, and centrifugation of the suspension at 10000 g for 3 min to remove the 

supernatant.  

To pick a concentration that falls in the linear range of α-FAM, a standard curve 

was obtained using different dilutions of the α-FAM stock (Figure 3-7). The 500 nM 

concentration was taken for the experiment. The calibration curve was used to estimate 

the concentrations of α-FAM in the supernatants and thus calculate the captured and 

released amounts in pmoles.  

1.5 mg β-functionalized beads were sonicated in 300 μL HPN buffer (pH=7.4) for 

45 min and were incubated with 150.0 μL α-FAM (500 nM) in HPN for 5 min. The 
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beads were washed twice with 150.0 μL HPN buffer each time for 1 min. The third wash 

was also with 150.0 μL HPN but for 15 min. Finally, the release step included incubation 

with 150.0 μL β’-20 fuel strand (2.50 μM) in HPN for 15 min. All supernatants were 

saved after each step for fluorescent measurements. A control experiment was done at 

the same time on 1.5 mg silica microparticles functionalized with Ctrl-46, a DNA probe 

that has no stretch complementary to α-FAM. 

SDR-based FIA on beads  

Each step again starts with adding a given reagent to 1.5 mg beads, re-suspending 

and incubating for a period time on vortex, and centrifugation at 10,000 g for 3 min to 

remove the supernatant before going to the next step. The general procedure is as 

follows: 1.5 mg beads were suspended in 300 μL HPN buffer and sonicated for 60 min 

followed by incubation in 2.0 mg/mL BSA in HPN for 5 min. Resuspension of the beads 

in 100.0 μL α-TgAb conjugate (concentration varies with the type of experiments) in 

HPN for 15 min puts a layer of primary TgAb on the surface of the beads via DNA-

directed immobilization. After two washes with 150.0 μL HBS-P buffer for 3 min and 

another 5 min incubation with 150.0 μL 2.0 mg/mL BSA in HBS-P buffer, 150.0 μL Tg 

(concentration depends on the experiment) in HBS-P buffer containing 2.0 mg/mL BSA 

was added and incubated for 30 min. The two washes and BSA incubation steps were 

repeated as described above. 150.0 μL TgAb-FAM (9.0 μg/mL) in HBS-P buffer 

containing 2.0 mg/mL BSA was then reacted for 30 min to form the sandwich complex. 

The supernatants of this step were saved for fluorescence measurements to obtain the 

capture signal. The first wash with 150.0 μL HBS-P was only for 1 min and was repeated 

once more. Incubation with 150.0 μL BSA 2.0 mg/mL in HBS-P for 45 min completed 

the wash steps between the capture and release. The release step was accomplished by 

resuspending the beads in 150.0 μL β’-20 fuel strand (5.0 μM) in HBS-P buffer 

containing 2.0 mg/mL BSA for 45 min. The supernatant of this step was also saved to 

measure the release signal.  

Optimization of α-TgAb conjugate concentration 

The general procedure was adopted with the following changes: the volume at the 

conjugate incubation step was reduced from 100.0 μL to 50.0 μL and five different 
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concentrations were used. For each concentration of the conjugate, 50.0 μL Tg (100 

μg/mL) in HBS-P buffer containing 2.0 mg/mL BSA was used. For each concentration 

of the conjugate a replicate with the Ctrl probe-functionalized beads was done at the 

same time. The average capture signal of the Ctrl beads was subtracted from the capture 

signal of its corresponding experiment to account for the capture resulted from the non-

specific adsorptions. The yield in percentage was the release signal divided by the Ctrl-

subtracted capture signal at each conjugate concentration. 

Estimation of the SDR yields at a fixed conjugate concentration 

The general procedure was adopted with the following changes: the conjugate 

concentration of 40.0 μg/mL was used for all experiments. 100.0 μL Tg at six different 

concentrations were used to build the calibration curve. 

Comparison of calibration curves for Tg in serum versus Tg in 

buffer 

The general procedure was followed with different concentrations of Tg in buffer 

and in bovine serum with the following changes: the conjugate concentrations of 20.0 

μg/mL and 23.0 μg/mL were used for the buffer and bovine serum experiments, 

respectively. 150.0 μL Tg at six different concentrations were used to build the 

calibration curves. The second and third washes after TgAb-FAM incubation were done 

for 45 min and 15 min. Of particular interest is the improvement observed with linearity 

in terms of the regression coefficients when a much lower concentration range (62.5-

2000 ng/mL) for Tg was examined. 

SDR-mediated release using different fuel strands 

Although all results shown so far were obtained using the β’-20 fuel strand, both 

SDR formats were found to work with almost similar yields as indicated in Figure 3-12. 

Following the general procedure for Tg FIA on beads and using 100.0 μL conjugate (20 

g/mL) in HPN and 150.0 μL Tg (1.0 μg/mL) in HBS-P, three different release 

experiments were conducted using α’-25, β’-20, and α’-25+β’-20 as fuel strands (all at 

5.0 μM). The same experiments were repeated with Tg in the bovine serum at a much 

lower concentration of 62.5 μg/mL (Figure 3-13).  
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CHAPTER 4  

IDCAPT: A DNA-BASED TOOLBOX TO 

STUDY TRANSCRIPTION FACTORS 

Transcription factors (TFs) are DNA-binding proteins that play a pivotal role in 

regulation of gene expression, by binding to particular sequences of genomic DNA 

called transcription factor binding sites (TFBSs). They are often present in cells in very 

small amounts and dilute concentrations, posing large challenges in their discovery, 

identification, purification, and assay. The majority of techniques developed to address 

these challenges chiefly focus on either proteomics, by starting from a purified TF, or 

genomics using TFBSs on DNA [194-197]. A limited number of strategies taking an 

integrative genomic-proteomic characterization approach such as “proteomics of 

isolated chromatin segments” (PICh) [138] and “protein binding microarrays” (PBM) 

are often composed of many steps, complicated, and difficult to multiplex. Multiplexing 

purification of TFs using the conventional DNA affinity chromatography techniques 

[195,196] is hampered by the non-specific modes of elution of all TFs captured on the 

column.  

Here, the well-established concept called the DNA strand displacement reaction 

(SDR) is applied to the use of selective capture on beads for purification of TFs. This 

approach furnishes us with a specific mechanism of release that only depends on the 

programmed sequence of DNA, avoiding any drastic changes in the physicochemical 

properties of the environment, such as ionic strength or temperature. Moreover, our 

method preserves the information regarding the DNA sequences of the transcription 

factor binding sites (TFBSs) while affording a straightforward and scalable system 

capable of multiplexing. Our technique could be used to discover and quantify TFs with 

minimal co-purification of the unwanted matrix proteins in the nuclear extract. We 

have given our strategy the acronym IDCAPT (for Integrated Discovery, 
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Characterization, Assay and Purification of TFs), since it could be customized to 

accomplish one of the functions mentioned in the acronym or to perform the sequence 

of those functions integrated together.  

Introduction 

Characterization and purification of TFs are essential to studying their biological 

functions and structures. There is a plethora of TF purification and characterization 

techniques and a wide variety of them could be classified into three major categories; 

the proteomics, genomics, and combined integrated approaches. The proteomics-

oriented techniques take advantage of the protein purification methods to isolate TFs 

from nuclear extracts. The genomics-based methodologies, on the other hand, start 

from a collection of DNA sequences that are plausible as the target binding sites for TFs.  

The electrophoretic mobility shift assay (ESMA) or simply gel shift/ retardation 

assay has been traditionally one of the major techniques for discovery and 

characterization of TFs [196,198]. ESMA works on the premise that the TF-DNA binding 

shifts the electrophoretic mobility of the labeled DNA. A mixture of promising DNA 

sequences, also known as putative TFBSs, is mixed with the nuclear extract and the 

mixture is analyzed by gel electrophoresis. The TFBSs thus characterized could be used 

for the large-scale purification of TFs using DNA affinity chromatography. There are 

also other TF discovery methods involving DNA immobilization on solid supports for 

surface-enhanced laser desorption/ ionization mass spectrometry (SELDI-MS) [199-

201], matrix-assisted laser desorption/ ionization mass spectrometry (MALDI-MS) 

[202], SPR chips [203], or microfluidic devices [204]. 

The alternative approach to DNA-centered methods is purification of TFs by the 

standard protein separation methods such as gel electrophoresis, ion exchange 

chromatography, gel filtration chromatography, and reverse phase high performance 

liquid chromatography [195]. The purified TF is then characterized in terms of both 

structure and its TFBSs, for instance using mass spectrometry and southwestern 

blotting [172,196,198]. Finally, the integrative genomics-proteomics approaches mostly 

crosslink TFs to their TFBSs using UV or formaldehyde. Chromatin 

immunoprecipitation (ChIP) methods [205] are the classic examples of isolation of TF-
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TFBS complexes using an integrative approach. However, they often focus on 

characterization of either a TF (such as PICh [138] or GENECAPP [204]) or a TFBS (for 

example ChIP-Seq [194,206-208], SABE [209], and ChIP-Exo [210]) at the end.           

There is a long list of techniques for characterization of the TF-TFBS bindings 

both in vitro [197,211-213] and in vivo [194,214] plus in silico [215,216]. The protein 

binding microarray (PBM) method is one of the most comprehensive in vitro 

characterization techniques. In PBM [136,137,217], all possible “k-mer” sequences of 

DNA (where k is an integer, usually 8 or 10) as putative TFBSs are synthesized and 

spotted on microarray slides. The TF of interest is expressed as a fusion protein to an 

epitope tag, such as glutathione S-transferase (GST). The epitope-tagged TF is then 

incubated with DNA sequences and its binding sites are characterized through the 

fluorescence signal of the Anti-GST antibody and the positions of spots. While PBM is a 

strong in vitro [197] experimental technique, due to the fact that it does not need prior 

knowledge of the TFBSs, it was designed to only identify the binding sites of a single 

purified TF. It relies on the expression of epitope-tagged TFs and is narrow and 

cumbersome to multiplex for TFs.  

The “proteomics of isolated chromatin segments” (PICh) technique is a refined 

ChIP method for the in vivo TF characterization [138]. After the formaldehyde 

crosslinking of TFs to their TFBSs, the genome is fragmentated and the crosslinked TF-

TFBS complexes are captured on the avidin magnetic beads using complementary DNA 

probes functionalized with desthiobiotin. To release the TF-TFBS complexes enriched 

on the beads, biotin is added replacing the desthiobiotinylated DNA probes on the 

beads. This release strategy, though more specific than changing pH or ionic strength, is 

still very non-discriminative and all the captured materials are released at once, making 

the technique very restricted for multiplexed TF characterization. The final analyses of 

DNA-binding proteins using SDS-PAGE or mass spectrometry often result in losing 

information on the TFBSs.     

The conventional solid phase DNA affinity chromatography of TFs, whether done 

on beads or columns [196], presents many challenges. Co-detection and purification of 

the matrix proteins of nuclear extracts non-specifically adsorbed to the solid phase [196] 

and parallelization of the process are the two main obstacles. The common methods of 

elution of TFs off the DNA affinity supports such as utilization of high salt 
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concentrations [195,196], heparin [195], high temperature [195], disulfide bond 

exchange [218], His tag [219], photocleavable linkers [220], and even the biotin-

desthiobiotin exchange in PICh [138] operate on generic release mechanisms leading to 

co-release of the matrix proteins and a subsequent need for purification. These methods 

are not amenable to parallelization, because all captured TFs co-elute, meaning the 

information linking the TFs to their TFBSs is lost. 

We hereby propose a new method called IDCAPT to address the challenges of 

non-discriminative release and multiplexing of TFs. The IDCAPT strategy utilizes DNA 

for both molecular recognition and for specific release. Specific release is achieved 

through encoding DNA sequences to exhibit a function called DNA strand displacement 

reaction (SDR). The displacement reaction is a well-established concept in DNA 

Nanotechnology [4] and molecular beacon technology [14,15]. In SDR, a template DNA 

single strand already in a partial DNA duplex is reacted with a second DNA single 

strand, also known as the “fuel” strand, to form a more thermodynamically stable 

duplex, containing a larger number of DNA base pairs. The nucleation site on the 

template for the hybridization of the fuel strand is called a “toehold”, from which the 

fuel strand starts unzipping its competitor via branch migration. Initiation of the 

displacement reaction leads to complete release of the DNA strand that initially formed 

a partial duplex with a portion of the template strand. As will be outlined below, SDR is 

exploited in this work as an isothermal, fast, and sequence-specific release mechanism 

as well as a method to preserve the TFBS sequence information and to eventually 

multiplex the assay, purification, and characterization of TFs.  

IDCAPT functions on two main principles; that the SDR is a programmable and 

specific release mechanism and the TF binding to its TFBS will prevent the SDR 

proceeding to completion. The experimental evidence for the latter requirement comes 

from a FRET assay designed for a transcription factor, NF [221]. One of the two DNA 

single strands forming the binding sites for NF was labeled with a fluorophore and 

the other with a quencher [221]. In the absence of NF, a SDR removed the quencher 

strand leading to high fluorescence. In the presence of NF, however, the SDR was 

inhibited and the fluorescent signal stayed quenched [221]. 
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The IDCAPT concept is comprised of two main setups. The first setup could be 

used for discovery, characterization, and assay (DCA) of TFs and therefore, we call it the 

DCA setup (Schemes 4-1 and 4-2). The second approach accomplishes purification of 

TFs only and is referred to as the P setup (Scheme 4-3). Scheme 4-1 shows the DCA 

setup in the presence of a transcription factor. Beads functionalized with single stranded 

DNA probes, , capture a multi-segment DNA strand, α, bearing the TFBS. As 

illustrated in Scheme 4-1, there is also a toehold domain, αR, present between the TFBS 

and the α end that forms a partial duplex with the bound probes, . The capture strand, 

α, already hybridized to a short complementary strand, C, to form the TFBS duplex is 

first incubated with the nuclear extract and then with beads to immobilize the TFs 

associated to their binding sites:  

 + C  [-C] (in solution) 

[-C] + TF  [-C-TF] (in solution) 

[-C-TF] + Beads  [-C-TF]im  (the subscript “im” means immobilized) 

After a few washes, a “marker” strand, M, is added with a universal adaptor 

stretch at one end and a segment complementary to the toehold (αR) of the capture 

strand at the other end. The universal adaptor stretch is complementary to a short, 

FAM-labeled, universal DNA signal strand, U (Scheme 4-1). When M is added to the 

beads, there are two possibilities; in the presence of a TF, the toehold on the capture 

strand hybridizes to the marker strand but the SDR is blocked by the TF (Scheme 4-1): 

[-C-TF]im + M  [-C-TF-M]im 

 After a few wash cycles, the next step is to add the “interrogator” strand, I, 

complementary to the marker strand except for its universal adaptor segment. By taking 

advantage of the exposed toehold on M, when a transcription factor is present, the “I” 

strand releases M back into solution. This release occurs only if there is a TF bound to 

the capture strand via the exposed toehold, MI, on M and thus, provides a signal-ON 

assay for the TF of interest: 

[-C-TF-M]im + I  M-I + [-C-TF]im 
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Scheme  4-1: The DCA setup of the IDCAPT strategy in the presence of a TF (blue 12-point star): a marker 

strand, M, with a universal adaptor at its 3’ end complementary to a fluorescently labeled short strand, U 

(in green) is added. The 5’ end of M will sit on the toehold (αR) of the capture strand, α, but cannot 

replace the complementary strand (C, in pink) since C is a part of TFBS bound to the TF. The marker 

strand is thus immobilized on the beads while its pink segment is exposed as a toehold (MC). A second 

SDR will release the I-M complex back into the solution upon adding the interrogator strand, I, and its 

binding to the toehold on M (MI). The original toehold on α, namely αR, is re-exposed and available for a 

third SDR discussed in Scheme 4-3. 

The other possibility is depicted in Scheme 4-2, when there is no TF bound to a 

putative binding site. In this case, after addition of the marker strand, M, the SDR on 

strand C can proceed to completion. This gives rise to irreversible capture of M on beads 

and, unlike Scheme 4-1, no release of the marker strand back into solution, since the 

interrogator strand does not encounter an open toehold on M: 

[-C]im + M  [-M]im + C 

[-M]im + I  No reaction  
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Scheme  4-2: The DCA setup of the IDCAPT strategy in the absence of a TF: when there is no TF bound to 

a TFBS, the marker strand, M, will be captured on the beads through a SDR but because its toehold, MI, is 

bound to the capture strand, α, addition of the interrogator strand, I, will not result in any release. 

In the end, if the fluorescence signal in the supernatant indicates that there is a 

TF bound to a particular TF binding site, the “release” strand, R, is added to recover the 

TF in its native state for further analysis or purification (Scheme 4-3). The “release” 

strand, R, is simply another fuel strand doing a SDR on the capture strand, α, to 

dehybridize it from the immobilized probes. R initiates the final SDR by sitting on the 

toehold, αR, re-exposed only in the presence of a TF (Scheme 4-3). The TF/ TFBS release 

can be multiplexed by utilizing many different unique R, and correspondingly  and , 

sequences. The use of various unique R strands retains the information as to which 

TFBS/ TF was released: 

[-C-TF]im + R  [-C-TF-R]su  (the subscript “su” means “in supernatant”) 

[-M]im + R  No reaction    
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Scheme  4-3: The P setup of the IDCAPT strategy for purification of a TF (blue 12-point star): a promising 

TFBS identified in Scheme 4-1 would release its TF through another SDR in which R is the fuel strand this 

time. 

IDCAPT utilizes a radar-like propensity to identify its target TFs. It sends off a 

signal-bearing strand, M, to be captured and examines whether its binding could be 

reversed through the interrogator strand, I. The SDR-mediated release of M is TF-

dependent. In the absence of a TF, M would be captured irreversibly. In the context of 

computer science, such a behavior represents an “AND” logical gate [4], where presence 

of two inputs together is necessary to generate an output. Analogously, the release 

strand, R, and a TF are the inputs and the output is the marker strand, M, in our 

chemical system. 

The IDCAPT methodology enjoys versatility at different levels. If the goal is to 

discover and identify new TFs and TFBSs, one might take a similar approach to the 

protein binding microarrays (PBM) [136,137,217]. As discussed earlier, PBM screens an 

array of possible DNA sequences against a known TF expressed as a fusion protein to an 

epitope. PBM is therefore, very powerful at multiplexed identification of all possible 

TFBSs in vitro for a single TF, but is very limited in terms of multiplexing the procedure 

for many TFs. Our proposed method, on the other side, could use the same “k-mer” 

strategy on beads instead of microarray slides to explore a large binding sequence space, 

but it can selectively release the TFs bound to a given DNA sequence (TFBS), allowing 

for a route to multiplex the testing and isolation of TFs. Additionally, IDCAPT could 

simultaneously discover and identify many TFs in their native states plus their major 



 67

binding sites using nuclear extracts, without any need for protein expression or tagging. 

However, IDCAPT is certainly less capable of high throughput configuration than DNA 

microarray technology. IDCAPT is also equipped with a simple in situ fluorescence 

reporter system based on SDR that could be used qualitatively or quantitatively. This 

eliminates the need for any downstream assays using molecular beacons [221-223], 

labeled antibodies [224,225], or mass spectrometry [226]. 

Unlike the conventional TF purification methods, our IDCAPT technique could 

be focused on the parallel purification of multiple TFs. The SDR-mediated sequential 

release of each TF guarantees the sequences of TFBSs remain retrievable and co-elution 

of the unwanted non-specifically adsorbed molecules is minimized.  The latter is 

achieved using the same buffer and physicochemical environment throughout the 

capture, wash, and release steps. The multiplexing capability of IDCAPT could also be 

employed for in vivo study of TFs using a methodology similar to PICh.  

Results and discussion 

To prove the concept of SDR-mediated multiplexing on silica beads, three 

orthogonal (no stretch of more than 5 nucleotides can cross-hybridize) sets of 

biotinylated probes, with their fuel and capture strands were designed. The capture 

strand in each SDR set was labeled with a unique fluorophore (FAM, TAMRA, or TYE-

665). The SDR sets were designed such that they would show minimal cross-

hybridization with one another, and the melting points were all above 45 C.  

Three different types of beads, each functionalized with one of the three probes 

(1, 2, 3), were mixed together in equal amounts and then incubated with the mixture 

of capture strands (FAM-1, TAMRA-2, TYE-3). After three wash cycles, the fuel 

strands fully complementary to the probes (’1, ’2, ’3) were incubated one at a time. 

The captured and released amounts (in pmoles) were determined by fluorescence 

measurements of the supernatants in each step, combined with the calibration curve for 

each labeled capture strand (Figures 4-10 to 4-12 in the supplementary info). It was 

assumed that the signal intensity at the maximum emission wavelength of each 

fluorophore exclusively represented that fluorophore and there was no significant 

spectral interference from the other two fluorophores. Such an assumption was 
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validated by spectral analyses of the three fluorophores. The concentrations of labeled 

s in supernatants were obtained using the appropriate calibrations curves. The 

captured amounts were determined by subtracting concentration of the labeled  in the 

supernatant of capture step from its concentration before mixing with beads. The 

relative amount released in each step (in percentage) was obtained by dividing the 

amount quantified in the supernatant (in pmoles) by the captured amount (in pmoles) 

for each set (21.6, 55.3, and 35.0 pmoles for FAM-1, TAMRA-2 and TYE-3, 

correspondingly). Sequential release of the captured strands using ’ fuel strands was 

achieved in high yields and with cross talk of 0-4 % among the three sets (Figure 4-1).  

A similar set of experiments using ’ fuel strands, which are complementary to 

the labeled capture strands instead of  probes, resulted in the same efficiency of 

multiplexing with almost no cross talk among the three sets. Notably, this approach 

leaves single stranded  probes on the bead surface, allowing them to be used if that is 

desired.   
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Figure 4-1: SDR-mediated release could be multiplexed through orthogonal sequence designs as 

demonstrated by three sets above. A mixture of three labeled strands was captured on beads but only the 

appropriate complementary strand was released depending on which fuel strand, ’, was used. The release 

of labeled s is shown following the capture. Results of the third wash step are shown as they are controls 

to the three-step first release followed by the effects of sequentially treating the beads with a single type of 

’ strand in each step of the first release. For the second release, though, a mixture of ’1, ’2, and ’3 was 

used [(αi + αj + αk) + (i + βj + βk) + (’i then β’j then β’k) + (’i + β’j + β’k)].   

Different control experiments demonstrated the sequence-specific nature of the 

release, where a given capture strand was not released in the presence of the wrong 

probe or fuel strand (Figures 4-2 to 4-5). The first control experiment was designed, in 

which a mixture of two labeled capture strands (αi + αj), with concentrations equal to 

the ones used for Figure 4-1, were hybridized with only one bead type bearing a non-

complementary probe (βk) (Figures 4-2 and 4-3). The complementary fuel strand (β’k) 

was used in the release step.    

Figure 4-2 compares the amounts (in pmoles) captured specifically in Figure 4-1 

and non-specifically in the first control. As seen in Figure 4-2, the absolute amounts 

captured non-specifically for TAMRA-2 and TYE-3 were much smaller than the 

specific ones observed in Figure 4-1.  However, it was observed that FAM-1 had a huge 

non-specific adsorption (Figure 4-2). The large amount of FAM-1 non-specifically 

captured was initially concerning, but the data of control 1 (Figure 4-3) and subsequent 

controls showed that it was readily removed in the wash steps.      
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Figure 4-2: Comparison of absolute amounts of specific capture for αi from Figure 4-1 (on top) with the 

non-specific captures described in control 1 (see Figure 4-3 for details).  

Figure 4-3 presents the relative release in each step of control 1. The relative 

release percentages were obtained by normalizing the released pmoles in each step with 

respect to the amounts of αi non-specifically captured in control 1 (also presented as the 

non-specific capture values in Figure 4-2). Despite huge non-specific captures of FAM-

1 found in Figure 4-2, its final non-specific release by either ’2 or ’3 is minimal 

(Figure 4-3). The three washes between the capture and release steps proved completely 

21.6

55.3

35.0

0.0

10.0

20.0

30.0

40.0

50.0

60.0

FAM-α1 TAMRA-α2 TYE-α3

A
m

o
u

n
t 

(p
m

o
le

s)

Labeled α 

Specific captures

16.4
18.1

11.3

2.0
3.4 2.9

0.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0
16.0
18.0
20.0

FAM-α1 on β2 FAM-α1 on β3 TAMRA-α2 on 
β1

TAMRA-α2 on 
β3

TYE-α3 on β1 TYE-α3 on β2

A
m

o
u

n
t 

(p
m

o
le

s)

Labeled α 

Non-specific captures



 71

effective in removing non-specifically adsorbed materials for all three sets. This is 

evident from the undetectable values of release in the third washes (Figure 4-3). It 

should be noted that signal readings from the supernatant of the first wash should 

always be interpreted cautiously as there is varying degrees of carryover from the 

capture step. The wash steps include both carryover of i in the loading solution, if any, 

plus any release from the surface during the wash. Additionally, the third wash provides 

a control for the release since it uses the same buffer as the release step for the same 

incubation time. 

It was found that the release efficiencies for the non-specific captures were 

almost zero for TAMRA-2 and TYE-3 and only 1 % for FAM-1 (Figure 4-3). This 

control proves that when the mode of capture is non-specific, the surface remodeling 

due to the fuel strand hybridization is not able to effectively release any significant 

amounts of bound materials. 

  

 

Figure 4-3: The first control experiment (Capture , Release ): a non-specific capture using 

mismatched capture strands and a specific release ((αi + αj) + βk + β’k).  

In the second control experiment shown in Figure 4-4, the labeled capture 

strand, αj, and the probe, βj, were complementary and thus, the capture was specific. 

This time, however, a mixture of two fuel strands, (β’i + β’k), which are mismatched to 
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the immobilized probe on the beads, βj, were used to estimate the magnitude of 

sequence-independent non-specific release. The relative release in percent was obtained 

using the pmoles of specific capture of i in this control experiment (19.4, 21.5, and 51.0 

pmoles for FAM-1, TAMRA-2 and TYE-3, respectively) as the reference values. As 

expected, the non-specific release was very modest in all three sets in the range of 0- 5.6 

% (Figure 4-4). This control gives an estimation of the non-specific adsorption of fuel 

strands to the non-complementary probes via cross-hybridizations. It should be also 

noticed that the relative release of FAM-1 in the first wash step of Figure 4-4 is much 

smaller than in Figure 4-3, due to the specific mode of capture in the former.  

 

Figure 4-4: The second control experiment (Capture , Release ): a specific capture using capture 

strands matched to the probes but a non-specific release through using mismatched fuel strands (αj  + βj + 

(β’i+β’k)).  

The third control experiment examined release after both non-specific capture 

and release. A mixture of two mismatched capture strands, (αi + αk), was mixed with a 

non-complementary bead type, βj. In the release step a mixture of two fuel strands, (β’i + 

β’k), mismatched to the probes was added. The relative release was obtained by taking 

the absolute amounts of non-specific capture of i in this control experiment (for FAM-

1 7.0 and 11.6 pmoles, for TAMRA-2 3.3 and 1.1 pmoles, and for TYE-3 3.3 and 2.7 

pmoles) as the references. As seen in Figure 4-5, there is only a 0-5 % non-specific 

release following a non-specific capture.  
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Figure 4-5: The third control experiment (Capture , Release ): a non-specific capture using capture 

strands mismatched to the probes and a non-specific release through using mismatched fuel strands ((αi + 

αk) + βj + (β’i+β’k)).     

The last control experiment looked into whether presence of the other two 

capture strands would change the kinetics and therefore, efficiency of capture for a given 

third capture strand in a mixture. To test this, all steps of a capture and release were 

compared between two duplicate experiments with both specific capture and release; 

one of them used a capture strand alone and the other used the same strand in a mixture 

with the other two mismatched capture strands. The results showed no large differences 

between the two (Figure 4-6). 
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Figure 4-6: The fourth control experiment (Capture , Release ): Kinetics of capture is not affected 

significantly by the presence of other capture strands ([(αi + αj + αk) + βj + β’j] vs. [αj + βj + β’j]). 

A similar procedure as the one used for Figure 4-1 was adopted for triplicate 

experiments to examine the reproducibility of multiplexing. The reproducibility of SDRs 

in the multiplexed format is very good (Figure 4-7). Unsurprisingly, the relative 

standard deviation (RSD) values for specific capture and release are much smaller than 

the ones for the non-specific releases during the washes (Figure 4-7). 

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

Captured 3rd wash 1st Release 2nd Release

F
lu

o
re

sc
en

ce
 (

A
F

U
)

Step

Ctrl 4: Kinetics of capture

FAM-α1 on β1 Beads

Mixture of Dye-αs on β1 Beads

TAMRA-α2 on β2 Beads

Mixture of Dye-αs on β2 Beads

TYE-α3 on β3 Beads

Mixture of Dye-αs on β3 Beads



 75

 

Figure 4-7: Reproducibility of multiplexed SDRs. 

To examine how a prototypic IDCAPT design could be used for the capture and 

release of a TF, a model transcription factor, NF, was chosen. Both NF and its 

binding sites are well characterized [227-232]. As discussed earlier, the reporter system 

in IDCAPT works based on sequential SDRs and indicates whether there is a TF bound 

to a particular TFBS. It could also be used as a quantification method without any need 

for antibodies against TFs by taking advantage of the blockage created by the TF binding 

to DNA to prevent the SDR from proceeding. The blockage could be used in two 

configurations; in the signal-off format two toeholds are flanking the TFBS. As depicted 

in Scheme 4-4, the TFBS for NF is formed by hybridization of an adaptor strand, N, to 

a complementary strand, C. The capture strand, , is labeled with TAMRA and binds to 

N through its complementary domain, N. The NC complex is then incubated with 

NF and is subsequently immobilized on beads. The NF binding event will result in 

failure of the SDR initiated by a fuel strand, F, from its toehold on N (NF) to expose a 

second toehold, N, on  already hidden downstream of the TFBS. The second toehold 
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(N) must be available to release the fluorescently labeled capture strand into the 

solution (Scheme 4-4).  

 

Scheme  4-4: Signal-off format for an SDR-based TF assay. In the absence of a bound TF (NF here) two 

consecutive SDRs will release the labeled capture strand (on the top). When a TF is bound, the first SDR 

fails leading to the toehold for the second SDR to be inaccessible. Therefor, no labeled capture strand 

could be released (bottom).   

Figure 4-8 proves the signal-off assay concept discussed in Scheme 4-4. 

Polystyrene beads were used instead of silica, because the negative charge of silica might 

cause an extensive non-specific adsorption of mostly positively charged proteins in the 

nuclear extract. The negative control involves no incubation with NF resulting in the 

maximum release signal in Figure 4-8. Skipping NF and fuel strand, F, incubation 

steps lead to the minimal release signal and constitute the positive control. Finally, 

incubation with NF generates a release signal within the signal range established by 

the control experiments (Figure 4-8). The signal for NF depends on its concentration 
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and in Figure 4-8, it seems that the functional NF in the sample does not have a large 

enough concentration to fully suppress the signal to the level observed in the positive 

control. Still, its signal is 14 % less than the negative control which is much higher than 

the 5 % RSD of release observed in Figure 4-7. It should be added that the release signal 

for the positive control could be set to zero by assuring equimolar amounts of N, C, and 

TAMRA- are mixed together.     

 

Figure 4-8: Proof of concept for signal-off assay of NF. In the negative control no NF was used and in 

the positive control no fuel strand, F. The NF experiment was performed using 1.0 M NF and 200 

nM NC complex.    

While the signal-off format requires a simpler design, it needs a rigorous and 

simultaneous calibration for each set to define the signal level in the absence of a TF. 

The signal-on configuration in analytical assays is often more reliable, since the signal 

generated is compared to the background noise instead of the very large signal level in 

the absence of the analyte in the signal-off format. The signal-on design should be 
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particularly useful for interrogating the TFs, especially those present in very small 

concentrations. The signal-on methodology could be used in a quantitative assay, or as a 

reporter system for qualitative response in a screening mode for promising TFBSs. The 

signal-on assay was, therefore, chosen for the IDCAPT technique. The signal-on 

configuration employs two toeholds downstream of the TFBS and three sequential SDRs 

to survey the binding status of a TFBS, as depicted in Scheme 4-1.  It is possible to use a 

fluorescently labeled capture strand instead of the universal labeled tag assembled with 

the marker strand, M. However, labeling many capture strands for a parallel assay is 

required, being a great disadvantage. Schemes 4-5 and 4-6 are variation of Schemes 4-1 

and 4-2 with a few drawbacks. In Scheme 4-5 the TF-TFBS complex is released before 

interrogation of the TF binding event. This problem has been corrected in the designs of 

Schemes 4-1 and 4-2, in which the use of a universal fluorescently tagged strand, U, also 

eliminates the need for labeling many different  sequences.  Schemes 4-5 and 4-6 could 

be considered a preliminary version of the IDCAP design (Schemes 4-1 and 4-2). Since 

we already had the reagents needed for Schemes 4-5 and 4-6, we used these schemes to 

establish the core idea of a signal-on assay in IDCAPT. We therefore, used a capture 

strand, , labeled with TAMRA as laid out in Scheme 4-5. The adaptor strand, N, bears 

the TFBS at its 3’ end and both toeholds are located on the same side of the TFBS. As 

described for Scheme 4-4, the NC complex is formed and incubated with NF in 

solution, and is then immobilized on polystyrene beads. The first SDR is initiated by 

addition of the first fuel strand, D, and goes to completion only if there is no TF bound 

(Scheme 4-5):  

[-N-C]im + D  [-N-D]im + C  

Upon completion, fuel D blocks the toehold on N (the green domain in Scheme 4-

5) permanently inhibiting the next three SDRs and the toehold-dependent release 

mechanism of the labeled capture strand, . The following three SDRs are identified in 

Scheme 4-6 as is the process in the presence of NF.   
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Scheme  4-5: Signal-on assay in the absence of NF. See text for the detailed explanations. 

In the presence of a bound TF (NF in this case), the first SDR will make only 

the first half of D form a duplex with the toehold on N (NF) leaving its other half single 

stranded because of the blockage by the bound TF (Scheme 4-6, step 1): 

[-N-C-TF]im + D  [-N-C-TF-D]im 

 When the second fuel strand, E, is added, which is fully complementary to D, it 

will remove D and expose the toehold, NF, back again on N (Scheme 4-6, step 2): 

[-N-C-TF-D]im + E  [-N-C-TF]im + E-D 

Note that while steps 1-2 (incubations with D and E strands) are redundant in 

Scheme 4-6, they are required to prevent signal generation in the absence of the TF, as 

shown in Scheme 4-5. The third fuel strand, F, is then added to release N as the NF 

duplex, exposing a new toehold, N, on the capture strand,  (Scheme 4-6, step 3): 

[-N-C-TF]im + F  []im + [N-C-TF-F]su 

 Finally, addition of the fourth fuel strand, R, will release the labeled capture 

strand (Scheme 4-6, step 4-4): 

[]im + R  [-R]su 
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Scheme  4-6: Signal-on assay in the presence of NF (blue 12 point star). See text for the detailed 

explanations. 

Figure 4-9 presents the experimental proof of Schemes 4-5 and 4-6. Two negative 

control experiments and one positive were conducted, all of them without any NF 

incubation step. The first negative control contained no incubation with NF yielding 

the minimal release signal. The second negative control involved no incubation with the 

third fuel strand, F, producing again the same minimal release signal. The positive 

control included no incubation with the first fuel strand, D, in which the release signal 

was maximum. The main experiment in the presence of NF generated a signal 

significantly higher than the minimal levels observed with the negative controls and less 

than the maximum signal in the positive control (Figure 4-9). NF generated 11 % 

more signal than the negative controls, which is higher than the RSD value of 5 % for 

TAMRA-2 release in Figure 4-7. Furthermore, 11 % signal change for the signal-on 

assay is in agreement with 14 % in the signal-off, for the same concentration of NF.  



 81 

 

Figure 4-9: Proof of concept for signal-on assay of NF. Negative control (I) includes no NF 

incubation step. Negative control (II) has no incubation step with the third fuel strand, F, and the positive 

control involves no incubation with the first fuel strand, D. The NF experiment was performed using 1.0 

M NF and 200 nM NC complex.       

Conclusions 

In conclusion, we developed a customizable strategy, IDCAPT, for discovery, 

purification, and quantification of transcription factors based on the programmability of 

DNA in sequential strand displacement reactions. IDCAPT is highly capable of 

parallelization and takes advantage of straightforward experimental designs to integrate 

multiple functions of great importance in studying transcription factors. NF was used 

as a model transcription factor to prove the core concept of IDCAPT method. However, 

a larger number of model TFs (such as ATF3 and SP1) are to be tested to fully 

demonstrate the multiplexing power of the IDCAPT technique. The calibration curves 

using different concentrations of NF should also be determined for both signal-on 

and signal-off assays.   
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Supplementary information 

A calibration curve for each labeled  strand (Figures 4-10 to 4-12) was built and 

used to quantify the amount of labeled s in supernatants. 

 

Figure 4-10: Calibration curve for FAM-1. 

 

Figure 4-11: Calibration curve for TAMRA-2. 
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Figure 4-12: Calibration curve for TYE-3. 

An example of overlaid spectra for control 1 performed on mixture of FAM-1 

and TYE-3, upon incubation with 2 beads is shown in Figure 4-13. The blue spectrum 

is for the mixture of labeled s before mixing with 2 beads and the red trace relates to 

the supernatant after the capture step. The difference between the two is indicative of 

the non-specifically captured amounts of FAM-1 and TYE-3. As seen in Figure 4-13, 

the non-specific capture for FAM-1 is much larger than TYE-3. The green spectrum 

shows specific release of each labeled  into the supernatant after incubation with ’2.     

y = -1.3124x2 + 2897.1x - 8521.6
R² = 0.9999

0

200000

400000

600000

800000

1000000

1200000

0 100 200 300 400 500 600F
lu

o
re

sc
en

ce
 in

te
n

si
ty

 (
A

F
U

)

[TYE-α3] (nM)

Calibration curve for TYE-α3



 84

 

Figure 4-13: Overlaid spectra of the  mixture before mixing with 2 beads (blue), after mixing with 2 

beads (red), and after release using ’2 (green). 

Experimental section  

Materials and methods  

Integrated DNA Technology (IDT) synthesized all DNA strands. NF was 

purchased from Adipogen. NeutrAvidin was obtained from Pierce. Silica microparticles 

functionalized with carboxyl groups (2.0 μm mean diameter) and carboxyl-

functionalized polystyrene microparticles were from Bang Laboratories. 1-Ethyl-3-[3-
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dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) were from Sigma-Aldrich. 2-(N-morpholino)ethanesulfonic acid (MES) buffer, 

Tris HCl buffer, and Saline Sodium Citrate (SSC) buffer were made in the lab and their 

pH values were adjusted to 6.0, 7.8, and 7.4, respectively. The 10 mM HEPES buffer 

containing 150 mM NaCl and 0.005% P20 (HBS-P) at pH 7.4 already prepared, 

degassed, and filtered was from Biacore GE Healthcare. All DNA hybridizations were 

done at room temperature (21-24 C). The NanoDrop ND-1000 UV-Vis spectrometer 

and Photon Technology International (PTI) Fluorometer were used. 

DNA Sequence design  

All DNA sequences were designed using the online packages DINAMelt 

(http://mfold.rna.albany.edu/?q=DINAMelt/software) and OligoAnalyzer 3.1 

(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/). All sequences were 

checked for their melting points to make sure they were above 45 C. Three SDR sets 

were designed each containing a 30-mer capture strand, α, a 5’-biotinylated probe, β, 

and two fuel strands, β’ and α’. The 5’-biotinylated probe strand, β, in each SDR set was 

made of 35 nucleotides; 15 of which at the 3’ end complementary to the first 15 

nucleotides of the capture strand, α, at its 5’ end. The last 10 nucleotides at the 5’ end of 

β acted as a spacer stretch for better folding of the duplexes. The α capture strand of 

each SDR set was labeled with a unique fluorophore (α1 with FAM, α2 with TAMRA, 

and α3 with TYE665) at its 5’ end. Two displacing “fuel” strands, β’ and α’, were also 

designed for each set to release the captured α strand. β’ was composed of 25 

nucleotides and a toehold of 10 nucleotides at the 5’ end to form a 25 base pair duplex 

with the β probe on the beads. The α’ fuel strand had 25 bases complementary to α, 

leaving a toehold of 10 nucleobases on α and 5 bases as a short spacer between the 

functional domains of α and the fluorescent label attached to it at the 5’ end.  

For the signal-off assay of NF the adaptor strand, N, was a 42-mer single 

strand bearing the NF binding site with the consensus sequence 5'-GGGACTTTCC-3'. 

The first 14 nucleotides of N from its 5’ end were complementary to the first 15 

nucleotides of TAMRA-α2 at its 5’ end, leaving out a single nucleotide spacer between 

TAMRA and Nα2 duplex. The complementary strand, C, was a 20-mer matched to the 
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nucleotides 15-34 of N from its 5’ end forming the duplex binding site for NF. The 

first 8 nucleotides from the 3’ end of N formed the toehold NF for the fuel strand, F, 

which is fully complementary to N. The 25-mer “release” strand, R, in Scheme 4-4 is 

actually ’2 described earlier.    

For the signal-on assay of NF the adaptor strand, N, was a 44-mer single 

strand bearing the NF binding site with the consensus sequence 5'-GGGACTTTCC-3'. 

Again, the first 14 nucleotides of N from its 5’ end were complementary to the first 15 

nucleotides of TAMRA-α2 at its 5’ end, leaving out a single nucleotide spacer between 

TAMRA and the Nα2 duplex. For this assay format, however, the complementary 

strand, C, was a 20-mer matched to the first 20 nucleotides of N from its 5’ end. This 

time, nucleotides 15-24 of N from its 5’ end created a 10-mer toehold, NF, in the middle 

of N, between the TFBS and Nα2 duplex. The first fuel strand, D, was a 30-mer 

complementary to the first 30 nucleotides of N from the 3’ end. The second fuel strand, 

E, was fully complementary to D. The third fuel strand, F, was complementary to the 

first 24 nucleotides of N from the 3’ end in this signal-on design. The fourth fuel strand, 

R, was ’2 described earlier.            

The sequences were optimized to be free of any significant secondary structure at 

room temperature (on DINAMelt) and, wherever possible, any cross-hybridization 

involving a stretch of more than 4 nucleotides (OligoAnalyzer 3.1). All toeholds were 

larger than 7 nucleotides to assure a fast SDR kinetics. The sequences are shown below: 

FAM-α1: 5-/FAM/ AGAGATAGAAGTAGTGGGAGGTGGTGGAGT-3 

α’1: 5- ACTCCACCACCTCCCACTACTTCTA-3 

β1: 5-/Biotin/ TCACACACTATTCCATCCTCACTCCACCACCTCCC-3 

β’1: 5- GGGAGGTGGTGGAGTGAGGATGGAA-3 

TAMRA-α2: 5-/TAMRA/ AGATGAAGAGTTAGAGGGTGAAAGAGGGTA-3 

α’2: 5- TACCCTCTTTCACCCTCTAACTCTT-3 

β2: 5-/Biotin/ TCACACACTATCCGCCTAACTACCCTCTTTCACCC-3 

β’2: 5- GGGTGAAAGAGGGTAGTTAGGCGGA-3 
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TYE-α3: 5-/TYE665/ GAAGAAGGTGTTAAGAGAGAGAATATTGAT-3 

α’3: 5- ATCAATATTCTCTCTCTTAACACCT -3 

β3: 5-/Biotin/ TCACACACTCACACAACCACATCAATATTCTCTCT-3 

β’3: 5- AGAGAGAATATTGATGTGGTTGTGT-3 

Noff: 5- TCTAACTCTTCATCTACATGTGGGACTTTCCTGATTCTGTGT-3 

Coff: 5- TCAGGAAAGTCCCACATGTA-3 

Foff: 5- ACACAGAATCAGGAAAGTCCCACATGTAGATGAAGAGTTAGA-3 

Non: 5- TCTAACTCTTCATCGACTATTACTTGTGGGACTTTCCTATCTCA-3 

Con: 5- TGAGATAGGAAAGTCCCACA-3 

D: 5- TGAGATAGGAAAGTCCCACAAGTAATAGTC-3 

E: 5- GACTATTACTTGTGGGACTTTCCTATCTCA-3 

Fon: 5- AGTAATAGTCGATGAAGAGTTAGA-3 

Immobilization of the DNA probes on the carboxyl-bearing beads 

Each step described here involving a reaction or process on beads starts with re-

suspending the beads after addition of buffers/reagents using a benchtop vortex and 

ends with spinning down the beads at 10,000 g for 3 min to remove the supernatant 

using a micropipette. The 2.0 µm silica microparticles already grafted with linkers 

containing carboxyl groups at their ends were a dry powder, whereas the 3.0 µm 

polystyrene microparticles were in a 16.4 % suspension. For a typical NeutrAvidin 

immobilization [177,178,184-186], 30 mg beads were washed with 1.0 mL MilliQ water, 

and soaked in 1.0 mL MES buffer (pH= 6.0) for overnight. The beads were then 

centrifuged down again, the supernatant was discarded, 1.0 mL fresh MES was added 

and the suspension was sonicated for 90 min. 500 μL freshly prepared EDC (0.4M) was 

mixed with 500 μL freshly prepared NHS (0.4M) and the mixture was added 

immediately to the beads. After 10 minutes the beads were washed with 1.0 mL MES6.0 

buffer quickly. 750 μL NeutrAvidin (0.4 mg/mL) in MES6.0 buffer was added to the 



 88

beads and incubated with them for 8 hours on vortex. To quench any unreacted 

activated NHS ester, 1.0 mL Ethanolamine 1.0 M (pH= 8.5) was used for 30 min on 

vortex. Two more washes each time with 1.0 mL 2.5x SSC for 1 min on vortex would 

make the beads ready for the immobilization of the probes. 1.20 mL DNA probes (either 

β1, β2, or β3 biotinylated at their 5’ ends, 2.5 μM) in 2.5x SSC buffer were mixed with 

the beads for 16 hours on vortex. Two washes each time with 1.0 mL HBS-P buffer for 1 

min on vortex were done at the end and finally the bead suspensions were divided into 

20 equal portions of each 1.5 mg. 

SDR-mediated multiplexing on silica beads 

Each step described from this point on starts with re-suspending silica beads 

functionalized with β probes in the reaction solution, vortexing for a specified period of 

time, and centrifugation of the suspension at 10000 g for 3 min to remove the 

supernatant. 

Multiplexed ’ SDRs  

1.5 mg β1 beads were added to 3.0 mg β2 and 1.5 mg β3 beads. A mixture of three 

labeled  strands was prepared in HBS-P buffer with the final concentrations of 167 nM, 

667 nM, and 333 nM with respect to FAM-1, TAMRA-2, and TYE-3, respectively. 

The mixture of β1-3 beads was sonicated in 450.0 L HBS-P buffer for 5 min and 140.0 

L mixture of labeled s described above was added for 5 min. Three washes using 

450.0 L HBS-P buffer were done; the first wash for 1 min, second for 5 min, and the 

third for 15 min. The sequential release was performed by a 15-min incubation with 

140.0 L ’3 (2.00 M in HBS-P), a wash with 450.0 L HBS-P buffer for 1 min, another 

15-min incubation with ’2 (2.00 M in HBS-P), a wash with 450.0 L HBS-P buffer for 

1 min, a 15-min incubation with ’1 (2.00 M in HBS-P) followed by a wash with 450.0 

L HBS-P buffer for 1 min. For the second release, a mixture of ’1, ’2, and ’3 was 

prepared in HBS-P buffer with a final concentration of 667 nM with respect to each ’. 

The mixture of ’s was then incubated with the mixture of beads for 45 min to 

simultaneously release everything left over on beads after the first sequential releases. 

The supernatants of all steps were saved for the fluorescent measurements. A calibration 
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curve for each labeled  strand (Figures 4-10 to 4-12) was built and used to quantify the 

amount of labeled s in supernatants. 

The fluorescence intensities at 512 nm, 578 nm, and 661 nm were used for FAM-

1, TAMRA-2, and TYE-3, respectively. It was assumed that there were no spectral 

overlaps among the three fluorophores at their maximum emission wavelengths. The 

spectra were obtained using the “synchronous scan” acquisition method, in which both 

excitation and emission wavelengths are scanned with a fixed wavelength difference 

(here, 20 nm). The concentrations of labeled s in supernatants were obtained using 

above calibrations curves. The captured amounts were determined by subtracting 

concentration of the labeled  in the supernatant of capture step from the its 

concentration before mixing with beads. Figure 4-1 shows the analyzed data of 

multiplexed ’ SDRs. 

Control 1 ((αi + αj) + βk + β’k) 

Control 1 was done on a single bead type (1.5 mg). A mixture of two labeled s 

non-complementary to the probes on the beads was prepared in HBS-P buffer making 

the final concentrations of 167 nM, 667 nM, and 333 nM with respect to FAM-1, 

TAMRA-2, and TYE-3, respectively. The beads were sonicated in 300.0 L HBS-P 

buffer for 15 min and 140.0 L mixture of the two appropriate labeled  in HBS-P was 

added for 5 min. Three washes using 300.0 L HBS-P buffer were done; the first wash 

for 1 min, second for 5 min, and the third for 15 min. The release was performed by a 15-

min incubation with 140.0 L related ’ (2.0 M in HBS-P) complementary to the probe 

on beads. The supernatants of all steps were saved for the fluorescent measurements 

and the concentrations of labeled s were obtained using the corresponding calibration 

curves. 

Control 2 (αj  + βj + (β’i+β’k)) 

The same procedure as the one for control 1 was followed. In this control, a single 

type of labeled  was captured on a single bead type with complementary  probes to . 

The release was done using a mixture of two non-complementary ’s (final 

concentrations of 2.00 M in HBS-P). 
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Control 3 ((αi + αk) + βj + (β’i+β’k)) 

The same procedure as the one for control 2 was followed. In this control, two 

types of labeled  (final concentrations were the same as control 1 except for TAMRA-2 

which was 500 nM) were mixed with a single bead type with non-complementary  

probes to s. The release was done using a mixture of two non-complementary ’s (final 

concentrations of 2.00 M in HBS-P). After a short wash with 300.0 L HBS-P buffer 

for 1 min, the release step was repeated for 15 min.  

Control 4 ([(αi + αj + αk) + βj + β’j] vs. [αj + βj + β’j]) 

The same procedure as the one for control 3 was followed. In this control, a 

mixture of all three types of labeled  were mixed with a single bead type (1.5 mg) with 

complementary  probes to only one of the labeled  strands. The release was done 

using a single ’ (final concentrations of 2.00 M in HBS-P) complementary to the 

probes. After a short wash with 300.0 L HBS-P buffer for 1 min, the release step was 

repeated for 15 min. 

An identical procedure was used for a duplicate experiment for each labeled  

strand. The only difference was that the labeled  of interest was added to the 

complementary bead type alone and the non-complementary s were not present.  

Reproducibility of multiplexed ’ SDRs 

Three bead types were mixed together (each 1.5 mg). On three mixtures of beads, 

the same procedure as the one described for multiplexed SDRs of Figure 4-1 was 

repeated with the following changes: in the mixture of three labeled s, the final 

concentration of TAMRA-2 was 333 nM. All washes were done in 300.0 L HBS-P 

buffer. The second release was done for 15 min.    

Multiplexed ’ SDRs 

The same procedure as the one for reproducibility of ’ SDRs was followed. This 

experiment was done once and in the release steps ’s (2.00 M in HBS-P) were used 

instead of ’ fuel strands.   
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Signal-off assay of NF 

1.5 mg polystyrene beads functionalized with 2 probes were used in each 

experiment. Three experiments were conducted (a positive and a negative control plus 

the main experiment with NF). The binding buffer contained Tris HCl (20.0 mM), 

NaCl (50.0 mM), MgCl2 (1.0 mM), and bovine serum albumin (BSA) (0.10 mg/mL). The 

pH of binding buffer was adjusted to 7.8. Adding Noff, Coff, and TAMRA-2 together 

assembled the NC complex in the binding buffer, such that the final concentration with 

respect to each constituent was 400 nM. The NC complex was incubated at 90 C for 15 

min and then at room temperature for an extra 35 min. 80.0 L NF (2.0 M in the 

binding buffer) was added to 80.0 L assembled NC complex and was incubated at 

room temperature for 70 min over vortex. Instead of NF, 80.0 L binding buffer was 

added to 80.0 L NC complex for the control experiments. 1.5 mg beads suspended in 

150.0 L binding buffer containing BSA (1.0 mg/mL) were sonicated for 10 min. 150.0 

L mixture of NF-NC complex (for controls only NC complex) was then captured 

on beads for 10 min. After three 1-min washes with 150.0 L binding buffer, 150.0 L 

fuel strand Foff (1.0 M in binding buffer) was added for 20 min. For the positive 

control, however, 150.0 L binding buffer was added instead of Foff. After another three 

quick washes with the binding buffer, 150.0 L ’2 (500 nM in binding buffer) was 

incubated for 30 min to release the labeled NC complex unbound to NF back to the 

solution. The supernatants of the release step were analyzed by fluorimetry. 

Signal-on assay of NF 

1.5 mg polystyrene beads functionalized with 2 probes were used in each 

experiment. Two negative controls and a positive control were done in addition to the 

main experiment with NF. The binding buffer contained Tris HCl (20.0 mM), NaCl 

(50.0 mM), MgCl2 (1.0 mM), and bovine serum albumin (BSA) (0.10 mg/mL). The pH 

of binding buffer was adjusted to 7.8. Adding Non, Con, and TAMRA-2 together 

assembled the NC complex in the binding buffer, such that the final concentration with 

respect to each constituent was 400 nM. The NC complex was incubated at 90 C for 15 
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min and then at room temperature for an extra 35 min. 80.0 L NF (2.0 M in the 

binding buffer) was added to 80.0 L assembled NC complex and was incubated at 

room temperature for 70 min over vortex. Instead of NF, 80.0 L binding buffer was 

added to 80.0 L NC complex for the control experiments. 1.5 mg beads suspended in 

150.0 L binding buffer containing BSA (1.0 mg/mL) were sonicated for 10 min. 150.0 

L mixture of NF-NC complex (for controls only NC complex) was then captured 

on beads for 10 min. After three 1-min washes with 150.0 L binding buffer, 150.0 L 

fuel strand D (1.0 M in binding buffer) was added for 20 min. For the positive control, 

however, 150.0 L binding buffer was added instead of D. After another three quick 

washes with the binding buffer, 150.0 L E (1.0 M in binding buffer) was added for 20 

min. Three quick washes were done and then 150.0 L Fon (1.0 M in binding buffer) 

was incubated with beads for 20 min except for one of the negative controls to which 

150.0 L binding buffer was added (the other negative control included all steps but 

addition of NF). After another three quick washes with the binding buffer, 150.0 L 

’2 (500 nM in binding buffer) was incubated for 30 min to release the labeled NC 

complex bound to NF back to the solution. The supernatants of the release step were 

analyzed by fluorimetry. 
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CHAPTER 5  

CONCLUSIONS AND FUTURE PROSPECTS 

Strand displacement reaction (SDR) is so simple in principles that it is hard to 

imagine there could be such a vast repertoire of applications for it. Yet, when compared 

to applications of DNA hybridization itself, we notice that the simple molecular 

recognitions existing among the four DNA nucleobases give rise to the incredible 

complexity we refer to as “life”. In this PhD work we expanded the scope of SDR 

applications by demonstrating how it could be customized for cleanup of biomolecules 

and parallel purification and assay of transcription factors. The inherent data storage 

nature of DNA allows for programming it through its sequence to perform parallel tasks 

and execute computations. The programmability brings forward the notion of specific in 

contrast to non-specific release of molecules and involves at least three different layers. 

The idea of adding an “effector” molecule to trigger the specific release of a target 

molecule is superior to the traditional approach of altering physicochemical properties 

of the buffer or solvent, for instance by adjusting pH or polarity. The conventional non-

specific release methodologies often lack enough tunability and target a big class of 

compounds. The second layer of specific release through SDR is the ability to narrow 

down the target of release virtually to a single molecule. The limiting factor here is not 

the SDR-mediated release but specificity of the molecular recognition device (antibody, 

aptamer, carbohydrate, etc.) employed. Many “molecule-triggered” release systems are 

known such as imidazole in polyhistidine tag purification and immobilized metal ion 

affinity chromatography (IMAC) [219] in general, disulfide exchange [218], or heparin 

elution in DNA affinity chromatography [195]. These systems cannot achieve the second 

layer of specificity SDR offers since they carry out the release all at once, which, in turn, 

is because they are not amenable to storing information. Chapters 2-3 set forth and 

optimized the experimental parameters needed to establish the first and second layers 

of SDR-mediated specificity. 
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The third dimension of sequence-encoded specific release, multiplexability, is a 

corollary of the second layer of specificity discussed above. It was evinced in chapter 4, 

where three independent SDR sets were mixed together and showed no crosstalk among 

them. A versatile scheme called IDCAPT was conceived in which sequence 

addressability of DNA underpins parallel purification, characterization and 

quantification of transcription factors (TFs). This chapter also showcased a rudimentary 

DNA computation via implementing a TF-DNA logical gate that surveys the presence of 

a TF by sequential SDRs and releases an output signal DNA strand. The great advantage 

of IDCAPT is that it could be disposed to concentrate on one task or integrate multiple 

tasks. It is, however, needless to mention that a considerable body of work is still to be 

done to validate IDCAPT and test whether it lives up to the anticipations.  

The results of chapter 2 proved that using a two-dimensional chip surface for 

DNA probe immobilization suffers from very limited mass transfer to the surface. The 

fraction of molecules captured on the surface could be very small compared to the total 

amounts in the bulk of solution. Our group has developed the methodology for packing 

crystalline arrays of nanoparticles inside the channels of microfluidic chips for the 

separation of biomolecules in the last decade [233]. Nanoparticles provide an extensive 

surface area and therefore, the capture efficiencies over them is expected to be much 

greater due to less resistance to mass transfer. Multiplexing on chip is prone to 

automation, very small amounts of reagent consumption, and considerable flexibility in 

customization built-in to the current mature microfluidic technology.  

The SDR-based FIA on beads discussed in chapter 3 could be redesigned in a 

multiplex format for assays on chip. The same design paradigm could be adopted for 

mRNA [234,235] and siRNA profiling [236-238] on chip. It is also possible to test 

aptamers, antibody fragments, or carbohydrates as the molecular recognition device 

instead of antibodies.     

There is plenty of room to refine and mature the IDCAPT strategy into a viable 

technology. In the context of multiplexing, IDCAPT should withstand rigorous testing 

for its application to purifications of two more TFs (for example SP1 and ATF3). To 

validate it for a full scale technological challenge, several tens of capture strands for 

characterized TFs in yeast or HeLa cells could be designed using the catalogues of TFs 

published [239] or the online TFBS databases (such as JASPAR, TRANSFAC, 
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UniPROBE, TFBSshape, TFBS, RegulanDB, HOCOMOCO, PAZAR, PRODORIC, and 

TRRD among many others). Designing manually a large number of orthogonal SDR sets 

is a formidable task but the web-based programming language for designing complex 

SDR circuits powered by Microsoft (see http://research.microsoft.com/en-

us/projects/dna/ and http://boson.research.microsoft.com/webdna/) could be used in 

this case. The sensitivity and performance of IDCAPT for detection, purification, and 

identification of TFs is thus to be examined and optimized. It is worth mentioning that 

while the SDR set design could be optimized to be free of any major cross-hybridization, 

the cross-reactivity of TFs for different TFBSs is an intrinsic limitation of such an in 

vitro binding process. Nature, on the other side, has many complicated cell signaling 

pathways to ensure the selectivity and specificity of TF binding to the TFBSs inside the 

cell. For instance, when a TF needs to bind to its binding site in the nucleus, only the 

related segment of genome becomes exposed and accessible by the gene expression 

machinery of the cell.     

If IDCAPT could be combined with microfluidics through the nanoparticle-in-

channel packing approach described earlier, it would be possible to build upon many 

technical advances already established on the chip. Mass spectrometry (MS) is one of 

the major methods of characterization of proteins in general and TFs as well. There has 

been a substantial progress with interfacing capillary electrophoresis with MS 

[240,241], which might inspire designing similar setups on chips [242,243]. Moreover, 

our group is already in the process of developing a thin film substrate fabrication 

technology for surface enhanced laser desorption ionization mass spectrometry (SELDI-

MS) [244] and interfacing it to microchips. If realized, the functional on-chip IDCAPT 

interfaced to MS seems like a promising multifaceted commercial product.  

As elaborated on in chapter 4, the design fluidity of IDCAPT allows it to be 

tailored for a single application. As a proof of customizability, the TFBS length in terms 

of number of nucleotides could be characterized using different length of the 

“interrogator” strand. The kinetics of release gets slower as the length of toehold on the 

interrogator strand approaches zero. However, this tactic works directionally and 

identifies the boundary of TFBS on the 3’ end. To evaluate the 5’ end, a second toehold 

should be incorporated to the 5’ end of the capture strand with the corresponding 

marker and interrogator strands designed.    
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As a brief afterword, I would like to put finishing touches on my dissertation by 

expressing what I have learned in terms of philosophy of science in a pithy and synoptic 

statement:  

Science boils down to finding and making educated assumptions and 

testing which ones are valid.   
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