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Abstract 

Important protein biomarkers for cancer, infectious diseases, and various 

biochemical processes are usually present at trace levels, making their detection 

analytically challenging. The primary objective of this thesis was to develop 

highly sensitive and specific techniques enabling the detection of minute 

amounts of proteins. Three bioanalytical techniques have been developed and 

described in this thesis. 

A tunable aptamer capillary electrophoresis assay enabled highly 

sensitive fluorescence detection of multiple proteins and protein isomers. The 

electrophoretic mobility of proteins was tuned with DNA aptamers binding to 

the target proteins. Fluorescently labeled aptamers of varying nucleotide lengths 

served as both charge modulators for CE separation and as fluorescent affinity 

probes for ultrasensitive laser-induced fluorescence detection. Simultaneous 

determination of pM concentrations of human immunodeficiency virus reverse 

transcriptase (HIV-RT), thrombin, human immunoglobulin E (IgE), and two 

isomers of platelet-derived growth factor (PDGF) was achieved in a single 

analysis. 

An affinity aptamer amplification assay was based on an integration of 

affinity aptamer recognition, CE separation, and amplification by polymerase 

chain reaction (PCR). A specific aptamer was first introduced to bind to the 

target protein, forming a protein-aptamer complex. The protein-aptamer 

complex was then separated from the unbound aptamer by CE. Fractions were 

collected and subjected to PCR amplification. The assay was able to detect as 



few as 180 molecules of HIV-RT. Simultaneous determination of HIV-RT, 

thrombin, and IgE demonstrated the capability of the assay for multiple protein 

detection. 

A binding-induced hairpin assay was able to measure trace amounts of 

proteins in homogeneous solutions. Two affinity ligands were each conjugated 

to a custom-designed oligonucleotide so that these two oligonucleotides could 

provide complementary stem sequences at their free ends. Binding of both 

affinity ligands to a specific target brought the complementary sequences 

together for their hybridization, inducing the formation of a hairpin structure. 

DNA ligation resulted in a unique DNA sequence that was subsequently 

detected by real-time PCR. Detection of the DNA sequence provided an indirect 

measure of the target protein. Streptavidin, PDGF-BB, and prostate specific 

antigen were determined with an improvement in detection limit by 103-105 

folds better than those with immunoassays. 
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Chapter One 

General Introduction: Ultrasensitive Assays for Proteins 

1.1 Introduction 

Proteins carry out many biological functions, including, but not limited to, 

catalyzing reactions in living organisms, decoding information in cells, regulating 

biochemical activities, storing and transporting small molecules, providing 

mechanical support, and serving many other specialized functions (1). The 

occurrence of various cancers and diseases usually involves altered protein 

expression and distribution (2). The detection of certain protein biomarkers can be 

useful for the diagnosis of specific diseases in clinical research. 

Tremendous advances have been achieved in the development of analytical 

technology for protein detection. These range from the traditional immunological 

techniques, such as enzyme-linked immunosorbent assays (ELISA), 

radioimmunoassays (RIA) and immunosensors, to protein microarrays and mass 

spectrometry-based techniques (3-8). Although some of these techniques are able 

to provide relatively high sensitivity and low limits of detection, most of them are 

only capable of detecting abundant proteins. There is substantial interest in 

detection of proteins at ultra-low concentrations, e.g. below pM, because 

numerous important biological markers for cancer, infectious diseases, or 

biochemical processes are present at very low concentrations during the early 

stages of the disease development. Moreover, a few molecules of a pathologic 

protein are sufficient to trigger a disease or to affect the biological functions of 

*A portion of this chapter has been published in H. Zhang, Q. Zhao, X. -F. Li, X. C. Le, 1 
Analyst, 2007, 132, 724-737. 



cells. Therefore, methods with extreme sensitivity and high specificity are 

required. 

This chapter reviews the recent developments of novel technologies for 

ultrasensitive protein detection, focusing on protein detection methods based on 

amplification of nucleic acids using polymerase. The major techniques used in 

this thesis, including capillary electrophoresis (CE) and polymerase chain reaction 

(PCR), were also introduced. 

1.2 Protein Assays Based on Amplification of Nucleic Acids 

Using Polymerase 

A polymerase is an enzyme whose central function is to catalyze the 

synthesis of new DNA or RNA from an existing DNA or RNA template. 

Polymerase-based technologies, such as polymerase chain reaction (PCR), have 

been widely used for amplification and detection of specific nucleic acid 

sequences with excellent sensitivity and specificity. When protein targets are 

recognized by affinity ligands (antibodies or aptamers) conjugated with DNA 

nucleotides, the amplification of the DNA tags by polymerase converts the 

detection of proteins into detection of nucleic acids, improving the sensitivity of 

protein detection dramatically. A variety of polymerase-based protein detection 

methods have been developed, and here immuno-PCR, affinity aptamer PCR, 

proximity ligation assay, immuno-rolling circle amplification, and immuno-T7 

RNA polymerase amplification techniques are summarized. 

1.2.1 Immuno-PCR 

Immuno-PCR, first described in 1992 by Sano et al. (9), is a hybrid 
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technology that combines antibody recognition and PCR amplification. In 

immuno-PCR, the recognition of an antigen by an antibody that is conjugated to a 

DNA fragment results in the formation of a specific complex of the antigen with 

the antibody-DNA conjugate. The subsequent amplification of the attached DNA 

molecule by PCR allows for the indirect detection of the antigen with very high 

sensitivity. Owing to the PCR amplification, immuno-PCR can lead to a 100-

10,000-fold increase in sensitivity over the conventional ELISA for proteins (10). 

1.2.1.1 Antibody-DNA conjugates 

In immuno-PCR, the antibody-DNA conjugates are required to recognize 

targets and serve as the template for PCR. In an initial work, a streptavidin-protein 

A chimera produced by protein recombinant technology was employed as a linker 

molecule to attach the DNA molecule to the antibody (9). This protein chimera 

contained two affinity units, the streptavidin moiety that could bind to biotin and 

the protein A moiety that could bind to the Fc portion of the antibody. Therefore, 

this bifunctional binding affinity enabled the conjugation of the biotinylated DNA 

molecule to the antibody. Although this protein chimera had been used 

successfully in several studies, the application of this technique was limited due to 

the limited availability of the chimeric proteins. To overcome this limitation and 

extend the application of immuno-PCR, streptavidin or avidin was used to join 

both the biotinylated DNA reporter and the biotinylated antibody, since 

streptavidin (avidin) and biotinylated antibodies are readily available (11, 12). 

This approach was easily carried out in simple successive incubation steps, and 

thus it has become the most commonly used format of the immuno-PCR 

3 



applications. However, the requirement of multiple incubation steps led to 

incomplete formation of the antibody-streptavidin-DNA complex, which reduced 

the sensitivity of immuno-PCR (13). 

Another strategy for constructing antibody-DNA conjugates was direct 

covalent linkage of the DNA to the antibody (14). Covalent DNA-labeled 

antibodies have been employed for simultaneous detection of three analytes 

(hTSH, hCG and p-Gal) by immuno-PCR (14). Unique DNA nucleotides were 

covalently coupled to each of the analyte-specific antibodies, enabling the 

analysis of multiple analytes. 

DNA-streptavidin nanostructures were assembled from the bisbiotinylated 

double-stranded DNA and the tetravalent biotin-binding protein streptavidin (15, 

16). The self-assembly of these nanostructures could be controlled by the 

alteration of concentrations and ratios of reagents. The optimized conditions 

predominantly produced linear DNA-streptavidin nanostructures by using 

streptavidin molecules to bridge two adjacent DNA fragments. These unsaturated 

streptavidin molecules in nanostructures offered a number of binding sites for 

biotinylated antibodies. The incubation of these DNA-streptavidin networks with 

biotinylated antibodies resulted in the formation of supermolecular reagents, each 

containing multiple antibodies. The employment of these supermolecular reagents 

provided a 100-fold increase in sensitivity compared to conventional immuno-

PCR (15). 

1.2.1.2 Assay format 

Immuno-PCR assays have been performed in formats similar to 
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conventional ELISA, including both the direct immuno-PCR format and the 

sandwich format. In the direct format, analytes were first captured directly onto a 

solid surface by adsorption (17-19). These adsorbed analytes were then 

recognized by antibodies conjugated to DNA nucleotides. Following washing to 

remove unbound species, PCR amplification of the DNA led to indirect detection 

of the analyte of interest. An interesting application was the detection of surface 

proteins in intact cells or tissue sections (20-22). However, the application of this 

format was limited to analytes that could be adsorbed onto the solid phase. In 

addition, other non-specifically adsorbed sample components could cross-react 

with the detection antibodies, resulting in interference. In the sandwich format, a 

capture antibody was attached onto the solid surface and was used to specifically 

capture the analyte. Then the antibody conjugated with DNA was used to bind 

with the captured analyte (23-25). Thus, the analyte was sandwiched between the 

two antibody molecules, enhancing the specificity of the assay (26-28). 

Traditional PCR was used for amplification in the initial applications of the 

immuno-PCR. The detection of PCR amplification products was carried out at the 

end of PCR cycles by using gel electrophoresis or microplate-based methods (9, 

29-31). Immuno-PCR assays using traditional PCR were time-consuming, and not 

quantitative. Real-time PCR led to significant improvements over the traditional 

PCR (32-34). Consequently, immuno-PCR assays adapting real-time PCR have 

achieved quantification for many practical applications (35-37). 

1.2.1.3 Applications 

Two comprehensive reviews (10, 38) have summarized the applications of 
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immuno-PCR to clinical diagnostics, biomedical research, and environmental 

analysis. Herein, the recent development of immuno-PCR is only discussed for 

protein detection, summarized in Table 1.1. 

The detection of disease-related proteins represents a main application of 

immuno-PCR. The pathologic prion protein, implicated in transmissible 

spongiform encephalopathies (TSE), has been determined by immuno-PCR in two 

different studies (39, 40). Although both studies employed the similar sandwich 

immunoassay and real-time PCR, different sensitivities were observed due to 

variations in the operating process. The first study demonstrated the validity of 

immuno-PCR as a test method for the detection of the pathologic prion protein in 

bovine brain extract (39). The method was used to detect the pathologic prion 

protein in Sporadic Creutzfeldt-Jakob disease (41). Due to the insufficient 

washing process for removing the non-specific binding, the sensitivity of the 

assay was only 10-fold higher than that of ELISA. In contrast, the second study 

introduced a more efficient washing buffer and additional blocking steps to 

decrease the background signal from non-specific binding (40). The limit of 

detection was 1 fg/mL for recombinant hamster prion protein and 70-700 fg/mL 

for scrapie-infected hamster brain homogenate, which represented an 

improvement of one million times in sensitivity over conventional ELISA. 

Three different formats of sandwich real-time immuno-PCR were compared 

for detection of prostate-specific antigen (PSA), a biomarker for prostate cancer 

(42). The capture antibodies were adsorbed directly onto the solid phase in the 

first two formats, while in the third format, the capture antibodies were linked to 
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the solid phase through streptavidin-biotin conjugation. In the first format, the 

DNA reporter was linked to the detection antibodies through streptavidin and 

biotin, but in the second and third formats, the covalent DNA-labeled antibodies 

were employed for detection. The results showed that the second format had the 

highest sensitivity and also high reproducibility. Another sandwich immuno-PCR 

assay was conducted to detect Staphylococcus aureus (S. aureus) through its 

specific product protein A (43). The detection limit was 0.01 fg/mL. The method 

was also successfully applied to the analysis of patient samples. 

Immuno-PCR has also been used in environmental analysis. The detection 

of noroviruses (NV) was achieved through detection of NV capsid protein by real­

time immuno-PCR (44). A sandwich format was employed, and the NV capsid 

proteins were detected in fecal and food samples with a sensitivity > 1000-fold 

higher than conventional ELISA. The detection of Cry 1 Ac toxin by immuno-PCR 

was demonstrated (45), using antibodies covalently linked to DNA nucleotide. 

Two types of solid phase, microtiter plates and streptavidin-coated polystyrene 

particles, were employed. The detection using microtiter plates resulted in the 

lower limit of detection, lxlO11 molecules or 21.6 ng of toxin. Dianthin and ricin, 

two ribosome-inactivating proteins, were detected by immuno-PCR in the direct 

format (46). After the protein targets were adsorbed onto the solid surface, they 

were recognized by the primary antibody, which in turn bound to the secondary 

antibody that was linked with DNA nucleotides through biotin-streptavidin 

interaction. This assay was able to detect 10 fg/mL of dianthin and ricin due to an 

improvement in sensitivity by one-million-fold over ELISA. 
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1.2.1.4 Recent development of immuno-PCR analogous methods 

The liposome-PCR assay (47) and phage display mediated immuno-PCR 

(48) represent two recent developments that further improve on immuno-PCR. 

The liposome-PCR assay employed the sandwich ELISA format (47). To detect 

cholera toxin beta subunit (CTBS), CTBS was sandwiched by a capture antibody 

and liposome encapsulated detection probe. The liposome detection probe was 

constructed by the incorporation of approximately 2,500 non-specific receptor 

molecules for CTBS into the bilayer of the single liposome in which about 60 

copies of an 80 bp dsDNA reporter were encapsulated. Amplification of DNA 

reporters by real-time PCR afforded the detection and quantification of the 

corresponding biotoxin target. The limit of detection of this assay for both CTBS 

and botulinum toxin type A (BoNT/A) was 0.02 fg/mL, which was 2-3 orders of 

magnitude lower than those of the most sensitive assays in use. The higher 

sensitivity was achieved because of the multiple reporters per binding event. In 

addition, the DNA reporters encapsulated in the liposome were protected from 

chemical or enzymatic degradation, while background contamination was 

removed by the use of DNase I. It is conceivable that antibodies in place of toxin 

receptors may be used in this assay for the analysis of other targets. The extension 

of this technology to other targets remains to be demonstrated. 

Another modification of the immuno-PCR was the use of a recombinant 

phage particle instead of the antibody-DNA conjugate (48). On the surface of the 

phage particle, a single chain variable fragment (scFv) was displayed, serving as a 

recognition element. Therefore, this technology opened up a new approach to 
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create a ready-to-use reagent for immuno-PCR through bacterial activity. 

However, the sensitivity of this technology was lower than that of antibody-based 

immuno-PCR, because the binding affinity of scFv was usually lower compared 

to its parent antibody. 

1.2.2 Protein detection by PCR amplification of affinity aptamers 

Aptamers are short oligonucleotides that have high affinity for specific 

target molecules. They are usually generated by an in vitro selection process 

known as systematic evolution of ligands by exponential enrichment (SELEX) 

(49, 50). Many aptamers bind specifically to their targets with affinity equivalent 

to the binding of monoclonal antibodies to antigens (51, 52). As affinity reagents, 

aptamers have been used in a range of bioanalytical techniques (53-55). 

Recently, an exonuclease protection assay has been established for protein 

detection, coupling target recognition by aptamers and PCR amplification. In the 

exonuclease protection assay, exonuclease I was used to degrade the unbound 

aptamer while leaving the protein-bound aptamer protected (56). When thrombin 

was bound to its aptamer, the aptamer was protected from degradation by 

exonuclease I, while the unbound aptamer was degraded by 20 units of 

exonuclease I. The bound aptamer was then released from thrombin by a heating 

step at 80 °C for 15 min and used as a connector to form a longer oligonucleotide 

for real-time PCR amplification. This method offered exquisite sensitivity, 

enabling detection of as few as several hundred thrombin molecules. A potential 

caveat of this assay is that any incomplete degradation of the unbound aptamer 

will result in high background signals, compromising the detection limit. 
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Application of this technique to the detection of other proteins remains to be 

demonstrated. 

1.2.3 Proximity ligation assay 

In the proximity ligation assay (PLA), DNA oligonucleotides were attached 

to affinity probes (e.g. antibodies or aptamers) for the target protein (Figure 1.1) 

(57). When two or more such affinity probes bound to the same target protein 

molecule, these DNA tags were brought sufficiently close to hybridize together to 

a subsequently added connector oligonucleotide. The new DNA strands were 

formed by enzymatic DNA ligation. These ligation products were then amplified 

and detected by real-time PCR. 

1.2.3.1 Affinity probes and assay formats 

DNA aptamers were attractive affinity probes in proximity ligation, and 

attachment of DNA oligonucleotides to DNA aptamers was simple and 

straightforward (58). However, due to the limited availability of two aptamers for 

a single target protein molecule, both monoclonal and polyclonal antibodies have 

also been used for proximity ligation. Through direct covalent attachment or using 

streptavidin-biotin recognition, the antibodies were attached to DNA 

oligonucleotides, and these antibody-DNA conjugates have been successfully 

used in PLA (59). Recently, a peptide aptamer was also used as the affinity probe 

for PLA (60). 

PLA has been carried out in the homogenous and the solid phase formats 

(58, 61). Partitioning procedures, such as washing, were not required for the 

homogenous assay format. Affinity recognition, DNA ligation and PCR 
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amplification were conducted in a single tube, facilitating high-throughput 

analysis. In the solid phase format, target proteins were first captured by the 

affinity probes attached to a solid phase. Pairs of proximity probes were then 

employed to recognize the captured protein molecules. After washing off the 

excess probes, the protein-bound DNA probes were ligated and amplified. 

Although more complicated than the homogenous assay, the solid phase format 

required three specific binding events, resulting in reduced cross-reactive 

detection. The solid phase also provided a better detection limit due to the 

washing step that decreased the background signal. 

PLA has two-binder and three-binder formats, depending on the number of 

affinity probes binding to individual target proteins (62). In two-binder PLA 

(2PLA), the simultaneous binding of two affinity probes to individual protein 

molecules brought DNA tags into proximity, and a connector oligonucleotide was 

then used as a template for the subsequent DNA ligation. Three-binder PLA 

(3PLA) involved the simultaneous binding of three affinity probes to the same 

protein molecule, and the DNA tag of the third affinity probe served as the 

template for ligation of the other two DNA tags. The 3PLA assay required three 

independent binding events and allowed the use of lower concentrations of 

template strands and higher concentrations of affinity probes, which greatly 

improved its specificity and sensitivity over those of the 2PLA method. 

12 



Figure 1.1. Schematic of proximity ligation assay. Adapted from ref. 57. An 

oligonucleotide tag is conjugated with an affinity ligand (e.g. antibody) that 

recognizes the target protein. When two or more such ligands bind to the same 

target protein molecule, the oligonucleotide tags are brought sufficiently close to 

hybridize together to a subsequently added connector oligonucleotide. The new 

DNA strands are created by enzymatic DNA ligation. These ligation products can 

be detected and quantified by real-time PCR. 
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1.2.3.2 Applications 

PLA was first developed and applied to the analysis of cytokine platelet-

derived growth factor (PDGF-BB) and thrombin (58). Affinity DNA aptamers 

were attached to DNA oligonucleotides for ligation, and the analysis of PDGF-BB 

was conducted in both the homogenous and solid phase formats. The detection of 

as few as 24,000 PDGF-BB molecules represented an increase in sensitivity of 

three orders of magnitude over the conventional ELISA. The method also offered 

a broad dynamic range and high specificity. The measurement of PDGF-BB by 

this technique has been used in two other studies on PDGF function (63, 64). 

Several other cytokines were also analyzed by PLA in which DNA-conjugated 

antibodies were employed as binding reagents (59). PLA has also been applied to 

detect only active prostate-specific antigen (PSA), in which a peptide that 

specifically bound to enzymatically active PSA was employed as an affinity probe 

(65). The detection limit of 0.07 ug/L active PSA was achieved. 

3PLA presented higher sensitivity in protein detection than 2PLA. As few as 

several hundred molecules of the vascular endothelial growth factor (VEGF), 

tropoin I, and PSA were detected by 3PLA in cell lysate or in dilute plasma (62). 

The detection of 300 PSA molecules in 5 uL buffer represented 4xl04 fold higher 

sensitivity than the corresponding 2PLA. 

PLA enabled multiplexed protein detection because the sequence of DNA 

tags in affinity probes could be specifically designed to different protein targets. 

Six cytokines (VEGF, interleukin-4 (IL-4), IL-10, IL-7, IL-la, and tumor necrosis 

factor-a (TNFa)) were simultaneously detected by PLA with low-femtomolar 
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detection limit as well as a five-order-of-magnitude linear dynamic range (66). 

PLA also enabled sensitive detection of cell surface proteins, which was 

demonstrated in a recent study for the detection of individual microbial pathogens 

(61). When DNA-conjugated antibodies were bound to cell surface proteins in 

close proximity, the DNA conjugates were ligated together to form a unique 

template for PCR amplification. The detection of proteins on the cell surface did 

not require the binding of a pair of antibodies to a single protein molecule. The 

DNA-conjugate antibodies were needed to bind to two adjacent protein molecules 

on the cell surface. Since different cells express specific proteins on their surfaces, 

the detection of cell surface proteins can be used to detect specific cells. A very 

small number of bacteria were readily detected in 1 uL samples, showing much 

higher sensitivity than ELISA (61). In another study, a peptide aptamer was 

attached to a DNA oligonucleotide through the fluorescent protein phycoerythrin, 

and was used for sensitive detection of a spore by PLA (60). 

In addition to ultrasensitive detection of proteins, PLA was also applied to 

study protein-protein and DNA-protein interactions, in which proximity ligation 

was conducted with DNA strands from different molecules in protein-protein and 

DNA-protein complexes (67, 68). These DNA strands were extended from the 

DNA sequences in complexes, or conjugated to antibodies that bound to proteins 

in complexes. 

1.2.4 Immuno-recognition and rolling circle amplification 

Immuno-recognition and rolling circle amplification (RCA) were combined 

to achieve protein detection with high sensitivity (Figure 1.2) (69). RCA involved 
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rolling replication of short circular DNA sequences by using certain DNA 

polymerases at constant temperature (70, 71). The DNA polymerases used in RCA 

had special strand displacement or duplex unwinding activity, allowing them to 

perform the rolling synthesis of the repeat DNA sequences. In immuno-RCA, the 

antibody was labeled with an oligonucleotide primer that was complementary to 

the circular DNA probe. The labeled antibody bound specifically to the analyte of 

interest. After removal of the unbound antibody, DNA polymerase was employed 

to extend the single primer along the circular probe, producing a longer single-

stranded DNA that consisted of many tandem repeats (typically 102-103) of the 

complement to the circular DNA. The increased length of DNA (by up to one-

thousand-fold the length of the probe) resulted in substantial enhancement in 

detection sensitivity. For example, when fluorescently labeled nucleotides were 

incorporated into the RCA products, the longer DNA contained more fluorescent 

nucleotides, yielding higher sensitivity (72). In the initial study, the immuno-RCA 

sandwich assay for Immunoglobulin E (IgE) yielded an improvement in 

sensitivity of two to three orders of magnitude over the conventional ELISA (69). 

Because the replication products of linear RCA were synthesized at a 

uniform rate, immuno-RCA usually provided a broad dynamic range and good 

reproducibility. Unlike traditional PCR, the RCA reaction did not require thermal 

cycling because the RCA reactions were performed under constant and moderate 

temperature. The complexes of the conjugated antibodies to their antigens were 

not dissociated during the RCA amplification process. Therefore, the reaction 

products remained localized to the antibody-antigen complexes. These features 
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have made immno-RCA ideally suitable for protein microarray applications (69, 

Figure 1.2. Schematic of immuno-rolling circle amplification. The analyte is 

captured onto a solid surface by a capture antibody. The captured analyte is then 

recognized by a reporter antibody that is covalently attached to an oligonucleotide 

primer. In the presence of circular DNA and DNA polymerase, the oligonucleotide 

primer is extended by RCA, resulting in a longer DNA molecule containing 

multiple repeats of the circle DNA sequence. The detection of the longer single-

stranded DNA provides improved sensitivity. 
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The adaptation of immuno-RCA to protein microarray enabled multiple 

protein detection with high sensitivity and good reproducibility, and offered a 

promising prospect in proteomics and clinical diagnostics (72). The immuno-RCA 

mircoarray has been used to detect multiple allergen-specific IgEs in two studies 

(73, 74). Four allergens were spotted on activated glass slides to capture their 

specific IgEs, which were detected by the anti-IgE antibody DNA conjugate 

through RCA. Serum samples from 30 patients were tested by the immuno-RCA 

microarray and the results were compared with those from the skin prick test 

(SPT), the gold standard (73). The results from the microarray assay were in 

excellent agreement with those obtained from SPT. The immuno-RCA microarray 

assay was also compared with three commercial methods for testing allergen-

specific IgEs in vitro (74). The RCA microarry assay produced correlation 

coefficients > 0.9 with each commercial test. 

An immuno-RCA microassay has been developed for multiplexed protein 

profiling (72). It was able to measure a total of 75 cytokines simultaneously with 

femtomolar sensitivity, a quantitative range of three orders of magnitude, and 

small sample consumption. The expression of 51 cytokines was determined in 

secretion from human dendritic cells induced by lipopolysaccharide (LPS) or 

TNF-a. This RCA microarray was later extended to enable the detection of 150 

cytokines simultaneously in a sandwich immunoassay format (75). By choosing 

optimal capture and detection antibody pairs and optimizing the assay procedures, 

more than half of these proteins were detected at sensitivities in the pg/mL range. 

In a recent study, the immuno-RCA microassay enabled the determination of 78 
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cytokines, growth factors, and soluble receptors in human serum and 

demonstrated differences in their profiles between patients with inflammatory 

bowel disease and those in remission (76). 

A two-color RCA microarray immunoassay was developed that offered a 

30-fold improvement in sensitivity over two other methods using antibody 

microassays (77). Replicate measurements of 51 proteins from sets of 24 serum 

samples were highly reproducible. The two-color RCA microassay has been 

applied to profile the serum proteins of lung and pancreatic cancer patients in two 

recent studies (78, 79). 

The substitution of aptamers for antibodies in immuno-RC A has recently led 

to the proximity extension assay (Figure 1.3) (80). This method used two 

aptamers for thrombin, each recognizing a distinct binding site of thrombin. A 

multivalent circular aptamer, or captamer, was constructed to possess two 

functionalities: binding to one site of thrombin and also serving as the template of 

RCA. The other aptamer had an extended length so that it could bind to the 

thrombin at one end while its tail served as a primer for the RCA of the circular 

aptamer. Upon binding to the target protein, the tail of the linear aptamer was 

hybridized to the complementary loop of the captamer, allowing RCA to start. A 

detection limit of 30 pM was obtained, and this value was almost three orders of 

magnitude lower than the dissociation constants of the two aptamer-thrombin 

complexes. Moreover, the analysis was carried out in a one-step homogeneous 

format. The requirement of two aptamers binding to the same target makes this 

method very specific. However, this same requirement restricts its application to 
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the target molecules that have two aptamer-binding sites available. 

Figure 1.3. Schematic of proximity extension assay. A circular DNA aptamer 

(captamer) binds to one site of the target protein and also serves as the template of 

rolling circle amplification (RCA). Another linear aptamer binds to the other site 

of the target protein, and this linear aptamer is long enough to reach the captamer. 

Upon target binding, the tail of the linear aptamer is then able to hybridize to the 

complementary loop of the captamer, allowing RCA to start. Polymerase-

mediated extension of RCA dissociates the captamer from the target protein and 

converts the captamer from a functional binding element into a structural template. 
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Although immuno-RCA assays are very useful for protein detection, the 

ultimate sensitivity of any immuno-RCA assay may be limited by the following 

factors. The extra time used for RCA amplification will lead to some dissociation 

of the antibody-antigen complexes, and the dissociated antibodies will be 

removed by the washing step before detection. The large RCA product attached to 

the antibody may decrease the binding affinity of the antibody, inducing the 

dissociation of the antibody-antigen complexes. 

1.2.5 Immuno recognition and T7 RNA polymerase amplification 

T7 RNA polymerase, instead of DNA polymerase, was used to amplify the 

DNA reporter for the protein analysis (81). In a sandwich format, the analyte was 

bound to both the capture antibody on a solid phase and to the detection antibody 

that was conjugated to a double-stranded DNA containing the T7 promoter. The 

T7 RNA polymerase was employed to amplify RNA from the dsDNA (82, 83). By 

incorporating the 32P-labeled CTP to the RNA synthesis by T7 RNA polymerase, 

this method exhibited a 109-fold increase in sensitivity over the ELISA for 

detection of a tumor-related protein pl85her2/neu. The method offered a broad 

dynamic range due to the linear amplification by T7 RNA polymerase. Recently, 

this method was modified by using RNA intercalating fluorescent dye in place of 

the radioactive isotopes for RNA detection (84). The major drawbacks of this 

method include the longer amplification time and the relatively lower 

amplification efficiency of T7 RNA polymerase compared to PCR amplification. 
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1.3 Capillary Electrophoresis 

Two major techniques, CE and PCR, were employed in this thesis research 

to develop novel bioanalytical techniques for ultrasensitive protein analysis. 

Therefore, these two techniques are briefly introduced here. 

1.3.1 Capillary zone electrophoresis 

Capillary zone electrophoresis (CZE), also referred to as free solution CE, is 

the most commonly utilized form of CE because it is relatively simple and 

applicable to separations of a diverse array of analytes varying in size and 

character (85-88). In CZE, the capillary is filled with a homogenous buffer, and 

analytes are separated on the basis of their relative charge and size. 

A typical CZE system consists of a sample vial, two buffer vials (source and 

destination vials), a fused silica capillary, a high-voltage power supply, electrodes 

connected to the power supply, a detector, and a data output and handling device 

(Figure 1.4). The capillaries employed in CZE usually have a very small internal 

diameter (typically 5-100 urn), which imparts capillaries with a high surface-to-

volume ratio allowing very efficient dissipation of Joule heat generated from large 

applied fields. Therefore, much higher voltages, up to 30 kV, can be employed 

than those used in slab gel electrophoresis, leading to faster, more efficient 

separations. To perform a CZE separation, the source vial, capillary, and 

destination vial are filled with an appropriate separation buffer at the desired pH 

and the sample is introduced at the inlet. An electric field is applied between the 

source and destination vials. The ionic species in the sample plug migrate through 

the capillary with an electrophoretic mobility determined by their charge and size, 
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and are detected by the detector. The output of the detector is sent to a data output 

and handling device such as an integrator or computer. The output is then 

displayed as an electropherogram, which represents detector response as a 

function of time. In an electropherogram, separated compounds appear as peaks 

with different retention times. 

Capillary 

Detector 

Anode• ft 
Source Vial Sample Vial 

-TL 
| « - | Cathode 

Destination Vial 

High Voltage 

Power Supply 

Figure 1.4. Schematic of capillary zone electrophoresis 

In CZE, in addition to ionic species, the buffer solution is also pulled 

through the capillary under an applied electric field. This phenomenon, termed 

electroosmotic flow (EOF), is responsible for the bulk flow in CE. When a buffer 

is filled inside a fused silica capillary, an electrical double layer is created at the 

interface between a solid and a liquid phase due to the adsorption of positively 
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charged cations in the buffer to the ionized silanol groups on the capillary wall. In 

the presence of an electric field, the cations in the diffuse portion of this double 

layer migrate toward the negatively charged cathode and drag the bulk buffer 

solution with them, causing an EOF. The EOF profile is flat rather than the 

parabolic shape characteristic of press-induced flow. The advantage of this flat 

flow profile is that analytes migrate through the capillary in very narrow bands 

leading to highly efficient separations. The EOF can be changed by various 

parameters, including applied electric voltage, buffer pH, concentration or ionic 

strength of the buffer, temperature, and modification of the capillary wall. 

The EOF acts as an electric-field-driven pump analogous to the 

mechanical pump used in liquid chromatography. In most cases, the EOF is the 

strongest driving force propelling all analytes, regardless of charge, toward the 

cathode. Therefore, it is possible to separate and detect positive, negative, and 

neutral molecules in a single electrophoretic run. In CZE, the separation is 

ultimately determined by differences in the electrophoretic mobility of the 

individual analytes. An analyte's velocity passing through the capillary is 

dependent on both EOF and its electrophoretic mobility, and the observed 

electrophoretic mobility UOBS of the analyte is represented by its electrophoretic 

mobility (UEP) plus the electroosmotic mobility (HEOF): 

UOBS = Î EP + Î EOF 

The EOF adds the same mobility to all analytes, regardless of their ionic status. 

Positively charged analytes have electrophoretic mobilities in the same direction 

as the electroosmotic flow, and so move faster than the EOF. Negatively charged 
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compounds are attracted to the anode but are swept up by the electroosmotic flow, 

and they move at a rate that is lower than the EOF. Neutral molecules, which are 

not separated from each other in capillary zone electrophoresis, elute as a single 

band with the same velocity as the electroosmotic flow. Therefore, the order in 

which analytes migrate through the capillary is cations, neutrals, and then anions. 

1.3.2 Capillary electrophoresis with laser-induced fluorescence detection 

One of the greatest challenges in CE instrumentation development is the 

design and development of the detectors that possess the desired detection limits. 

CE has been coupled with a wide of variety of detection techniques, including 

ultraviolet absorbance, fluorescence, mass spectrometry, conductivity, 

amperometry, and refractive index. Among these detection techniques, laser-

induced fluorescence (LIF) detection produces the best detection limits. Detection 

limits of 10"18-10"21 mol have been reported with on-column LIF detection (89-92). 

Several unique characteristics contribute to the success of LIF detection 

for CE. A laser can be focused near the diffraction limit of light so that it is 

particularly suitable for focusing to the small inner diameter of a capillary. The 

monochromaticity of laser results in simpler Raman spectra that are filtered more 

easily than the spectral background produced by a general light source. Moreover, 

the laser intensity can be varied to a wide range and can be optimized to achieve 

very high sensitivity without photodecomposition of the analytes. 

Zare and coworkers reported the first application of lasers to fluorescence 

detection for CE (93). A number of improvements in LIF detection have since 

been made in the past few years. A variety of lasers have been used in LIF 
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detection, including argon ion, helium-cadmium, helium-neon, and diode lasers. 

In order to achieve high sensitivity, many efforts have been made to improve the 

collection of fluorescence and decrease the background signal. A large amount of 

background signal due to reflection and refraction at capillary walls is generated 

when on-column fluorescence detection is adapted. To avoid the disadvantages of 

on-column detection, Dovichi's group has designed a post-column fluorescence 

detector based on the sheath flow cuvette (94-98). In this system, the capillary 

outlet is inserted into the cuvette. Sheath flow, identical to the separation buffer, is 

introduced into the flow chamber at a rate which prevents mixing of the two 

flowing streams. The laser is then focused at the outlet of the capillary, not on the 

capillary. Because the sheath flow cuvette is made from optically flat quartz, 

much less light scattering is produced than from a capillary. Therefore, the 

background from light scattering is greatly minimized, and much lower detection 

limits are obtained compared to on-column detection. Detection limits of 

hundreds of molecules have been reported by using sheath flow cuvette in LIF 

detection (99, 100). 

CE-LIF has been demonstrated for biological and environmental 

applications, including DNA sequencing, detection of peptides and proteins, 

studies of antibody-antigen interactions, determination of therapeutic drugs and 

natural toxins, assays for DNA and DNA damage, and analysis of single cells. 

1.4 PCR 

PCR is a widely used technique that amplifies a piece of DNA by in vitro 

enzymatic replication (101-103). With PCR it is possible to amplify a few copies 

26 



of a DNA, generating millions or more copies of the same DNA molecule. PCR 

has become an integral tool in molecular biology, and it is highly versatile and 

readily adaptable for a wide variety of applications. 

Several components and reagents are required to carry out a PCR 

experiment, including a DNA template that contains the DNA region to be 

amplified, a thermostable DNA polymerase, two primers that are complementary 

to the DNA template at the 5' or 3' ends of the amplified DNA region, four 

deoxyribonucleoside triphosphates (dNTPs) that provide the building blocks for 

synthesis of the new DNA strand, magnesium ion which is very important for the 

specificity and efficiency of the reaction, and buffer solution that provides a 

suitable chemical environment for optimum activity of the DNA polymerase. 

PCR is commonly carried out with cycles that have three distinct steps 

performed at different temperatures. These three steps are denaturation, annealing 

and extension (Figure 1.5). In the denaturation step, the complementary strands 

of DNA are separated by heating the reaction to 94-98 °C for 20-30 seconds. This 

allows melting of DNA template by disrupting the hydrogen bonds between 

complementary bases of the DNA strands, yielding single stranded DNA. In the 

annealing step, the reaction is cooled to 50-65 °C for 20-40 seconds, allowing the 

oligonucleotide primers to hybridize to the template. The annealing temperature is 

typically about 3-5 °C below the Tm of the primers. Therefore, the primers are 

able to track down and bind to the complementary regions within the long DNA 

template by forming stable DNA-DNA hydrogen bonds. The polymerase begins 

to extend the primers as soon as they anneal to the DNA template. In the 
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extension step, the reaction is heated to a temperature close to the optimal 

polymerization temperature, depending on the DNA polymerase used. Taq 

polymerase presents its optimum activity at a temperature range of 70-75 °C, and 

an extension temperature of 72 °C is commonly used with this enzyme. At this 

step the DNA polymerase synthesizes a new DNA strand complementary to the 

DNA template strand by adding four dNTPs that are complementary to the 

template in 5' to 3' direction. The extension time is determined both by the DNA 

polymerase used and depending on the length of the DNA fragment to be 

amplified. The three steps are usually repeated for 20-45 times, as necessary for 

the specific application. Under optimum conditions, the amount of the DNA target 

is doubled at each cycle, leading to exponential amplification of the specific DNA 

fragment. 
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Figure 1.5. Schematic of polymerase chain reaction. Step 1, the template 

DNA is denatured to separate the complementary stands; step 2, the reaction is 

cooled to allow the oligonucleotide primers to hybridize to the template; step 3, 

the DNA polymerase synthesizes a new DNA strand complementary to the DNA 

template strand by adding four dNTPs. 
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One major technical advance that has allowed PCR to become such a 

routine and accessible technique is automation of the temperature cycling process. 

After the reagents required for PCR are mixed in a reaction volume of 10-200 uL, 

the PCR reaction is carried out in a thermal cycler that automatically regulates the 

temperature of the reaction cycles according to the preprogrammed set of 

instructions. 

Because PCR allows amplification of any short sequence of DNA without 

the necessity of cloning it, it has been widely applied in molecular biology, 

microbiology, genetics, diagnostics, clinical laboratories, forensic science, 

environmental science, hereditary studies, paternity testing, and many other 

applications. 

1.4.1 Real-time PCR 

Traditional PCR uses gel electrophoresis for separation and detection of 

PCR products at the final phase or end-point of the PCR reaction. This approach 

is not quantitative for the following reason. A whole PCR run can be broken up 

into three distinct phases, the exponential, linear, and plateau phases. Given well-

optimized conditions of a PCR experiment, all reaction components are present in 

their optimum concentration in the exponential phase, allowing the reaction to be 

very specific and precise. Exact doubling of DNA product is obtained at each 

cycle. As the reaction proceeds, some of the components are being consumed as a 

result of amplification in the linear phase. The reactions start to slow down and 

the PCR product is no longer being doubled at each cycle. Eventually, the 

reactions stop and reach a plateau phase. The plateau phase is reached at different 
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points depending on the different reaction kinetics for each sample. 

Real-time PCR, on the other hand, is able to quantify the amplified DNA 

during the process of amplification (104-108). Although real-time PCR follows 

the general principles of PCR, its key feature that enables it to amplify and 

simultaneously quantify a target DNA molecule is that the amplified DNA is 

quantified after each amplification cycle. This is typically done by including 

fluorescent reporter probes in the reaction mixture and by measuring fluorescence 

at each PCR cycle. In order to accurately quantify the initial amount of DNA 

templates, it is necessary to determine the amount of amplified DNA in the 

exponential phase, which can only be achieved by real-time PCR not traditional 

PCR. 

Two common approaches are applied to generate the fluorescence signals 

that are proportional to the amount of PCR product. Double-stranded DNA dyes, 

such as SYBR Green, are able to intercalate all double-stranded DNA. Once the 

DNA binding dye binds to double-stranded DNA, the intensity of the fluorescent 

emissions is increased. As more double-stranded DNA are produced in PCR, the 

fluorescent signal increases, providing quantitative measures of the amplified 

DNA. The major disadvantage of this approach is that DNA intercalating dyes 

also bind to non-specific PCR products, interfering with accurate quantification of 

the intended target sequence. The use of fluorescent reporter probes is an 

alternative approach to performing real-time PCR analysis. Fluorescent reporter 

probes are modified DNA oligonucleotide probes that fluoresce when hybridized 

to a complementary DNA. There are also a number of strand-specific probes that 
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use the phenomenon of fluorescent resonance energy transfer (FRET), including 

TaqMan probe, molecular beacon, and scorpion primers. Using fluorescent 

reporter probes is the most accurate and most reliable of these methods, but also 

the most expensive. 

Real-time PCR offers a number of advantages compared with traditional 

PCR, including higher precision in quantitation, wider dynamic range, faster 

analysis, and higher sensitivity. Real-time PCR has numerous applications for 

both diagnostic and research purposes. Some of the applications include gene 

expression analysis, diagnosis of infectious disease, human genetic testing, and 

environmental microbiology. 

1.5 Rationale and Scope of the Thesis 

Many challenges remain for the detection of specific proteins at ultra-low 

levels. The abundance of a variety of proteins present in cells can vary by as much 

as 1010-fold. Therefore, the determination of specific proteins at ultra-low levels 

usually has to be carried out in the presence of a huge excess of other more 

abundant molecules. Affinity-based protein detection takes advantage of the 

specific binding of an affinity ligand, for example, antibody and aptamer, to their 

targets. The antibodies and aptamers can be labeled by various probes, including 

enzymes, radioisotopes and fluorophores, enabling highly sensitive detection. In 

addition, the tremendous progress in nanotechnology also offers excellent 

prospects for developing highly sensitive bioassays for proteins (109). 

While nucleic acids can be amplified by PCR to improve the sensitivity, 

there is no comparable technique to chemically amplify proteins. However, if an 
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affinity ligand is a nucleic acid, e.g. DNA aptamer, or the affinity ligand is 

conjugated to a nucleic acid, PCR amplification of the specific nucleic acid bound 

to the target protein could provide an indirect measure of the protein with 

improved sensitivity. Therefore, it is hypothesized that combinations of aptamer 

affinity binding, CE separation, PCR amplification, LIF detection, and real-time 

PCR could lead to development of ultrasensitive and specific assays for minute 

amounts of proteins. The objective of this research was to develop novel 

bioanalytical techniques enabling the detection of proteins by taking advantage of 

affinity binding and by designing unique separation and signal amplification. 

This thesis consists of seven chapters. Chapter 1 reviews the recent 

developments of novel technology enabling ultrasensitive protein detection. The 

chapter focuses on protein detection methods based on amplification of nucleic 

acids using polymerase. The basic principles, performances, applications, merits 

and limitations of these techniques have been discussed and highlighted. Chapter 

2 describes a tunable aptamer capillary electrophoresis (CE) assay enabling the 

ultrasensitive analysis of multiple proteins. In addition to serving as affinity 

molecules binding to the specific proteins, the use of aptamers as charge 

modulators is explored. The theoretical basis of the application of aptamers as 

charge modulators to modify the electrophoretic mobility of proteins is discussed. 

Four target proteins, human IgE, the reverse transcriptase of the human 

immunodeficiency virus type 1 (HIV-RT), thrombin, and platelet derived growth 

factor BB (PDGF-BB) are chosen to demonstrate the ability of tunable aptamer 

capillary electrophoresis to determine the multiple proteins in a single analysis. 
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The applicability of the assay for sample analysis is examined by the detection of 

four proteins in dilute human serum matrix. Chapter 3 demonstrates the ability of 

tunable aptamer capillary electrophoresis to differentiate and detect protein 

isomers. The protein isomers PDGF-AB and PDGF-BB are chosen as target 

proteins because the sequences of PDGF A and B chains are ~60% identical, and 

the molecular weights of PDGF-AB (27 kDa) and PDGF-BB (25 kDa) are similar, 

making their separation difficult. The detection of PDGF receptors a and P is also 

studied based on the interaction of isomers with their receptors. Chapter 4 

describes an ultrasensitive aptamer-based affinity PCR technique for the 

determination of minute amounts of proteins. Because this affinity aptamer PCR 

technique fulfills the ultrasensitive protein detection through PCR amplification of 

the aptamer bound to the target protein, it is termed "affinity aptamer 

amplification assay". The principle of the assay is demonstrated by choosing HIV-

RT as the initial target. The experimental conditions for binding, separation, and 

detection are optimized to achieve the ultrasensitive detection of the target protein. 

The quantitation, detection limit, and selectivity of the technique are assessed. 

Chapter 5 demonstrates the affinity aptamer amplification assay as a generalized 

approach for multiple protein detection. Beside HIV-RT, thrombin and human IgE 

are chosen as the additional target proteins. The adaptation of real-time PCR 

technique to yield accurate quantitative information is assessed. The detection of 

three target proteins in the complex matrix of cell lysate is examined. Chapter 6 

describes a new principle for construction of probes that can be used for analysis 

of proteins and other macromolecules in homogeneous solutions. Since the 
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hairpin structures are induced upon binding of probes to target molecules, the 

method is termed "binding-induced hairpin assay". Design and construction of 

binding-induced hairpin probes are investigated by using streptavidin as initial 

targets. The detection of trace amounts of PDGF-BB and PSA is further explored. 

Chapter 7 summarizes the conclusions generated from this research, discusses 

the implications of the research, and suggests further research directions. 
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Chapter Two 

Tunable Aptamer Capillary Electrophoresis and its 

Application to Multiple Protein Analysis 

2.1 Introduction 

Affinity capillary electrophoresis has been applied mostly to the analysis of 

a single protein at a time (1-7). 

Development of protein biomarkers for disease diagnosis and treatment 

often requires the determination of multiple proteins that are present at trace 

levels. This chapter describes a tunable aptamer capillary electrophoresis assay 

enabling the ultrasensitive analysis of multiple proteins (Figure 2.1). The key 

concept is tuning the electrophoretic mobility of proteins with DNA aptamers to 

achieve efficient separation of multiple proteins or protein isomers. We introduce 

aptamers of varying nucleotide length as charge modulators to modify the 

electrophoretic mobility of proteins, tailored for the separation of the various 

protein-aptamer complexes in free solution. This systematic approach extends the 

applications of charge modulation in affinity assays (8, 9) and end-labeled free-

solution electrophoresis of DNA (10). 

* A portion of this chapter has been published in H. Zhang, X.-F. Li, and X. C. Le, J. Am. 45 

Chem. Soc. 2008, 130, 34-35. 



Figure 2.1. Concept of tunable aptamer electrophoretic assay for proteins. 

Four fluorescent aptamers of variable length are bound to proteins forming 

complexes (CI, C2, C3, and C4) that have sufficiently different mobilities 

appropriate for the separation and detection of multiple proteins. 

2.2 Experimental 

2.2.1 Reagents 

Human IgE, HIV-RT, thrombin, PDGF-BB, and PDGF-AB were obtained 

from Athens Research & Technology (Athens, GA), Worthington Biochemical 

(Lakewood, NJ), Haematologic Technologies (Essex Junction, VT), and R&D 

Systems (Minneapolis, MN), respectively. Aptamers were synthesized by 
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Integrated DNA Technologies (Corarville, IA). They were fluorescently labeled at 

the 5' end with 6'-Carboxyfluorescein (6'-FAM) and purified by reversed-phase 

HPLC. Aptamer (both full-length and truncated) sequences are listed in Table 2.1 

(11-14). Human serum was obtained from Sigma-Aldrich (Oakville, ON). 1*TG 

buffer (25 mM Tris and 192 mM glycine, pH 8.3) was diluted with deionized 

water from lOxTG buffer (from Bio-Rad Laboratories, Mississauga, ON) and was 

then adjusted by 1 M acetic acid to pH below 8.3 or 1M NaOH to pH above 8.3. 

The pH-adjusted TG buffer was appropriately diluted by deionized water to 

maintain the same conductivity as TG buffer (pH 8.3). All other reagents were 

commercially available analytical grade. 
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Table 2.1. Summary of proteins and their aptamers used in this study 

Proteins 

IgE 

HIV-RT 

Thrombin 

PDGF-BB 

Non­

specific 

Mol. Wt. 

(kDa) 

200 

120 

36 

25 

pi 

-9.0 

-8.2 

6.35-

7.6 

9.5-

10.5 

Aptamer 

size 

38 nt 

53 nt 

49 nt 

80 nt 

2X81 nt 

38 nt 

76 nt 

37 nt 

49 nt 

Aptamer sequence(5'-3') 

TGGGGCACGTTTATCCGTCCCTCCTAGT 

GGCGTGCCCC 

AGGGGCACGTTTATCCGTCCCTCCTAGT 

GGCGTGCCCCTGTCTGACTGTCTCG 

ATCCGCCTGATTAGCGATACTCAGAAGG 

ATAAACTGTCCAGAACTTGGA 

ATCCGCCTGATTAGCGATACTCAGAAGG 

ATAAACTGTCCAGAACTTGGAACTCATC 

ACTACAATACATCATACTTCACTA 

ATCCGCCTGATTAGCGATACTTACGTGA 

GCGTGCTGTCCCCTAAAGGTGATACGTC 

ACTTGAGCAAAATCACCTGCAGGGG 

CAGTCCGTGGTAGGGCAGGTTGGGGTG 

ACTTCGTGGAA 

AGATGCCTGTCGAGCATGCTCTTTGGAG 

ACAGTCCGTG 

GTAGGGCAGGTTGGGGTGACTTCGTGG 

AAGAAGCGAGA 

TGGGAGGGCGCGTTCTTCGTGGTTACTT 

TTAGTCCCG 

TGGTCTTGTGTGGCTGTGGCTATGTCTG 

ATCTTAATCCACGAAGTCACC 

2.2.2 Apparatus 

A laboratory-built CE-LIF system was used in this work (15-17). A 

schematic of a CE-LIF system is shown in Figure 2.2. The system's main 

components are a sample vial, source and destination vials, electrodes, a CE 

power supply (model CZE 1000R, Spellman, Plainview, NY), a fused-silica 
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capillary (Polymicro Technologies, Phoenix, AZ), a laser-induced fluorescence 

detector, and a data output and handling device. To introduce the sample, the 

capillary inlet is placed into a vial containing the sample and a voltage is applied 

to inject the sample electrokinetically. The capillary inlet is then placed back to 

the source buffer vial. The migration of the analytes is then driven by an electric 

field supplied to the electrodes by the high-voltage power supply. All ions, 

positive or negative, are pulled through the capillary due to electroosmotic flow. 

The analytes separate as they migrate due to their electrophoretic mobility and are 

detected at a sheath flow cuvette (NSG Precision Cells, Farmingdale, NY) used as 

a postcolumn fluorescence detection cell. The 6'-FAM label in aptamers was 

excited by 488 nm light from an argon ion laser (model 2014-65ML, Uniphase, 

San Jose, CA). Fluorescence was collected using a high-numerical aperture 

microscope objective (60x, 0.7 NA, Universe Kogaku, Oster Bay, NY), spectrally 

filtered through a 515-nm band-pass filter (515DF20) and restricted by a 2-mm 

pinhole. A polarizing beam splitter (Melles Griot, Nepean, ON) was used to split 

the beam to two photomultiplier tubes (PMT, R1477, Hamamatsu Photonics, 

Japan) to measure horizontally and vertically polarized light. The output of PMT 

is sent to a computer via a PCI-MIO-16XH-18 input/output board and an interface 

box (I-V converter). The data is then displayed as an electropherogram by the 

Lab VIEW (National Instruments, Austin, TX) program on the computer. All CE 

data were analyzed using Igor Pro software (version 2.04, WaveMetrics, Lake 

Oswego, OR). 
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Figure 2.2. Schematic of the laboratory-built capillary electrophoresis with 

laser-induced fluorescence detection system 

2.2.3 Capillary electrophoresis 

Uncoated fused-silica capillaries (20 um inner diameter, 150 urn outer 

diameter, 40 cm in length, Polymicro Technologies, Phoenix, AZ) were used for 

CE separation. Samples were electrokinetically injected into the capillary at a 

voltage of 18 kV for 5 s, and a running voltage of 18 kV (450 V/cm) was 

employed to drive separation. The running buffer used for all experiments was 

1*TG adjusted to pH 8.5 by 1 M NaOH unless otherwise stated. Periodically, the 

capillaries were treated by running 0.02 M NaOH for 5 min, followed by water 

for 3 min and running buffer for 5 min at 300-450 V/cm. 
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2.2.4 Tuning of mobility for HIV-RT and thrombin 

To place aptamers in their desired conformation, all the aptamer stock 

solutions were treated at 80 °C for 5min followed by cooling slowly to room 

temperature before analysis. To test the mobility of HIV-RT complex with 

aptamers, 10 nM HIV-RT was incubated with 100 nM of three aptamers separately, 

a 49-nt (nucleotide) aptamer, an 80-nt aptamer, and an 81-nt aptamer in a buffer of 

10 mM Tris-HCl (7.4) + 1 mM MgC^. The final volume of each incubation 

solution was 50 uL, and the solution was incubated at 37 °C for 10 min. An 

aliquot of each incubation solution was injected to CE-LIF to measure the 

mobility of HIV-RT as tuned by various aptamers of different lengths. To tune the 

mobility for thrombin, 25 nM thrombin was incubated at 37 °C for 10 min with 

100 nM of either a full-length aptamer (76 nt) or a truncated aptamer (38 nt). 

2.2.5 Analysis of IgE, HIV-RT, thrombin, and PDGF-BB 

To achieve multiple protein analysis by tunable aptamer CE, the 

experimental conditions for binding, separation, and detection were optimized to 

maximize the sensitivity and speed of analysis. These optimized parameters 

included the incubation temperature and time, the separation buffer conditions, 

and the effects of Mg2+ on the formation of specific protein-aptamer complexes. 

The optimum conditions for multiple protein analysis were as follows: incubation 

buffer, 10 mM Tris-HCl +1 mM MgCl2 + 100 ug/mLbovine serum albumin (BSA) 

at pH 7.4; incubation temperature, 37 °C; incubation time, 10 min; separation 

buffer, lxTG(pH8.5). 

For calibration, IgE, HIV-RT, thrombin, and PDGF-BB (each 1-100 nM) 
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were incubated with 200 nM fluorescently labeled 38-nt aptamer for IgE, 200 nM 

fluorescently labeled 80-nt aptamer for HIV-RT, 200 nM fluorescently labeled 38-

nt aptamer for thrombin, and 300 nM fluorescently labeled 37-nt aptamer for 

PDGF-BB. A 5-nL aliquot of each solution was injected electrokinetically into a 

40-cm capillary. Electrophoretic separation was carried out using an applied 

voltage of 18 kV and running buffer containing 25 mM Tris and 192 mM glycine 

at pH 8.5. A blue argon ion laser (488 nm) was used for excitation, and 

fluorescence was detected at 515 nm. 

2.2.6 Serum sample preparation 

A frozen serum sample was thawed in a water bath at 30 °C, and then kept 

on ice. Prior to analysis, a 0.5mL serum sample was centrifuged at 10,000 rpm for 

10 min to remove precipitate. The desired amount of serum was then diluted 10 

times with incubation buffer. The dilute serum was spiked with 25 nM each of IgE, 

HIV-RT, thrombin, and PDGF-BB. An aliquot (50 uL) of the sample was 

incubated at 37 °C for 10 min with 100 nM of four fluorescently labeled aptamers 

for the specific proteins and another 4 uM of non-specific, non-fluorescent 49-mer 

oligonucleotide. The non-specific oligonucleotide was used to reduce interference 

from the serum matrix. 

2.3 Theoretical Basis 

The principle of modulating the mobility of proteins may be expressed in 

the following equations, showing the dependence of electrophoretic mobility (\i) 

on the net charge (Z) and the mass (M) of the protein. In free zone CE, the 
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electrophoretic mobility of a protein is proportional to its net charge, and 

inversely proportional to the frictional forces acting upon it in solution (18, 19). 

where Cp is a constant for a given protein, and a is a factor (0-1) describing the 

shape of the protein molecule. Upon the binding of an aptamer, the 

electrophoretic mobility of the protein is shifted to: 

Z + nAZ 

"' * ' (M + nAM)a ( 2 ) 

where n is the number of nucleotides making up the aptamer, AZ is the change in 

charge per nucleotide, and AM is the change in size per nucleotide. Under the pH 

conditions (pH 7-9) typically used for CE separation, AZ is nearly -1 due to the 

phosphate group in the nucleotides and the effect of the counter ions in solution 

(10). Because most proteins carry a small net charge (20), and the change in mass 

AM (-320 amu) per nucleotide is much smaller than the mass of a protein (M), 

the contribution of nAZ to the shift in mobility is often much more significant 

than that of nAM. Therefore, Eq 2 can be approximated to: 

_, , Z nAZ. 

"-'^IF+IF* (3) 

Thus, the electrophoretic mobility of the proteins can be rationally controlled by 

modulating the length of the aptamer (n), taking into account the size of the 

protein (M), to achieve the desired value of the nAZ/Ma term in Eq 3. Moreover, 

the aptamer with given length has larger influence on the electophoretic mobility 

of smaller proteins than of larger ones. The value of electophoretic mobility is 
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usually greater than that estimated by Eq3 after including the influence of aptamer 

mass, especially for the smaller proteins bound by longer aptamers. 

2.4 Results and Discussion 

2.4.1 Tuning the electrophoretic mobility of proteins 

To achieve the multiple protein analysis in a single CE operation, the key 

strategy of tunable aptamer CE is the adaptation of aptamers of varying nucleotide 

length as charge modulators to tune the electrophoretic mobility of proteins, 

thereby accomplishing the efficient separation of multiple proteins. To 

demonstrate the proof of principle, tunable aptamer CE was first employed to 

modify the electrophoretic mobility of HIV-RT and thrombin. Three aptamers 

with different lengths were used as charge modulators to tune the mobility of 

HIV-RT Figure 2.3a shows the tuning of mobility for HIV-RT by binding it with 

a 49-nt aptamer, an 80-nt aptamer, and two 81-nt aptamers. The aptamers, having 

a similar mass-to-charge ratio, migrate through the capillary at a similar mobility 

(-2.81 xlO"4 c m W 1 ) . Upon binding of HIV-RT to the aptamers of varying length, 

the mobilities are shifted to -0.58xl0"4, -0.83X10"4, and -1.45X10"4 cmVs" 1 , 

respectively. The binding of longer aptamers drives the mobility of HIV-RT closer 

to that of aptamers which have the highest negative charge density. An excellent 

linear association (r =0.999) between the mobilities of the three HIV-RT aptamer 

complexes and the length of aptamers supports the validity of Eq 3. The tuning of 

the mobility of thrombin was achieved by using a full-length (76 nt) aptamer and 

a truncated (38 nt) aptamer. Results are shown in Figure 2.3b. The mobility of 

thrombin shifted to -1.68X10"4 cnrV'Y1 when using the 38-nt aptamer and shifted 
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further to -2.22xl0"4 cmV's"1 when using the 76-nt aptamer. Similarly, the longer 

aptamer led to the mobility nearer to that of aptamers. The change in 

electrophoretic mobility Auc per nucleotide of thrombin is about 2 times larger 

than that of HIV-RT because of the difference in molecular weight between 

thrombin (MW, 36 kDa) and HIV-RT (MW, 120 kDa). Aptamers of different 

lengths can be made by maintaining the core sequence responsible for binding and 

either extending or truncating the aptamers at the ends. Thus, the mobilities of 

both large and small proteins can be readily tuned using aptamers of appropriate 

length, to achieve the desired separation. 
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Figure 2.3. Electropherograms showing modulation of mobility of HIV-RT 

(a) and thrombin (b) by aptamers of variable length, (a). Peak 1 corresponds to 

the complex of HIV-RT with the 49-nt aptamer; peak 2 corresponds to the 

complex of HIV-RT with the 80-nt aptamer; peak 3 corresponds to the complex of 

HIV-RT with two 81-nt aptamers; and peak 4 corresponds to the unbound (free) 

fluorescent aptamers. (b). Peak 1 is the complex of thrombin with the 38-nt 

aptamer; peak 2 is the complex of thrombin with the 76-nt aptamer; and peak 3 

corresponds to the unbound (free) fluorescent aptamers. 
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2.4.2 Separation of multiple proteins 

Having achieved tunable mobility of proteins through their binding to 

tailored aptamers, the principle was further applied to the separation of IgE, HIV-

RT, thrombin, and PDGF-BB in a single CE operation. Fluorescently labeled 

aptamers for IgE (38 nt), HIV-RT (80 nt), thrombin (38 nt), and PDGF-BB (37 nt) 

were utilized as charge modulators for the separation of the four proteins. Figure 

2.4 shows the electropherogram from the separation of IgE, HIV-RT, thrombin, 

and PDGF-BB in mixture solutions containing aptamers for these proteins. The 

electrophoretic mobility of proteins is strikingly affected by the binding with 

aptamers. The migration sequence of proteins through the capillary is determined 

by the mobility of the protein-aptamer complexes instead of the mobility of free 

proteins. Although free PDGF-BB presents the largest mobility of the four 

proteins since it has highest pi (>9.5) and smallest molecular weight, the binding 

of the aptamer to PDGF-BB shifted its electrophoretic mobility from largest to 

smallest. The separation of proteins could be improved by employment of the 

aptamer with appropriate length to rationally control the mobility of the specific 

protein. For example, the extension of the 49-nt aptamer to 80-nt for binding to 

HIV-RT decreased the mobility of HrV-RT and resulted in better separation of 

HIV-RT from IgE. Furthermore, adsorption of the basic proteins (IgE, pl~9.0; 

PDGF-BB, pl=9.5-10.5) on the negatively charged silica-fused capillary surface 

would have been a problem, if there were no aptamers binding to these proteins. 

The binding of the aptamers to the proteins makes the complex negatively charged, 

thereby eliminating the adsorption problem and focusing the protein-aptamer 
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complexes into narrow zones. The ability to focus proteins and to tune their 

electrophoretic mobility using aptamers is the key to the successful analysis of 

multiple proteins using free zone CE. The specific binding of proteins to their 

aptamers with optimized lengths results in the formation of protein-aptamer 

complexes presenting efficient difference in mobility. Therefore, the four protein-

aptamer complexes were resolved well from one another and from the free 

(unbound) aptamers. This is the first time the analysis of multiple proteins is 

achieved using affinity CE. Previous research has shown only the analysis of a 

single protein by separating a single protein-aptamer complex from the unbound 

aptamer. The maximum number of protein-aptamer complexes that can be 

separated and detected by tunable aptamer CE was estimated based on the 

electropherogram shown in Figure 2.4. If the separation window is defined as the 

time interval between the beginning of both the first complex peak and the 

unbound aptamer peak and the average of four complex peak widths is used as the 

peak width, approximately eight protein-aptamer complexes can be well resolved 

in a single analysis. 
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Figure 2.4. Electropherogram showing the separation of IgE, HIV-RT, 

thrombin, and PDGF-BB in mixture solutions. Peak 1 corresponds to the 

complex of IgE with the 38-nt aptamer; peak 2 corresponds to the complex of 

HIV-RT with the 80-nt aptamer; peak 3 corresponds to the complex of thrombin 

with the 38-nt aptamer; peak 4 corresponds to the complex of PDGF-BB with the 

37-nt aptamer; and peak 5 corresponds to the unbound (free) fluorescent aptamers. 
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In addition to the tuning of mobility of proteins, the pH of the running 

buffer is another important parameter in the separation of proteins because of its 

great influence on the shape, and charge of proteins and the surface properties of 

the capillary wall. A pH range of 7.5-9.0 was used to examine the effect of 

running buffer pH on the separation of proteins. Figure 2.5 shows the 

electropherograms from the separation of IgE, HIV-RT, thrombin, and PDGF-BB 

when running buffer with various pH values (7.5-9.0) was used. Both the 

migration time and the peak shape of proteins were affected by pH of running 

buffer. The lower pH yielded a longer migration time for all proteins and 

unbound aptamers, because the electroosmotic flow is reduced with the decrease 

in the pH of running buffer. Under different pH values, the peaks of proteins 

presented a great variety in their shapes. When using a running buffer pH of 7.5, a 

sharpest peak was observed for IgE, whereas HIV-RT resulted in a sharpest peak 

under a running buffer pH of 8.0. In contrast, the sharper peaks were observed for 

both thrombin and PDGF-BB when the running buffer pH was 8.3, 8.5, or 9.0. 

The variety in peak shapes under different pH might be determined by changes in 

protein conformation and the surface charge distribution of proteins. Although pH 

7.5 offered the best separation of the four proteins, the wider peak and lower 

intensity for HIV-RT, thrombin, and PDGF-BB damaged the sensitivity of the 

method in detection of these proteins. The pH of 8.5 was chosen as optimum 

running buffer pH because it offered both relatively better separation and peak 

intensity for all four proteins. 
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Figure 2.5. Electropherograms showing the effect of the pH of the running 

buffer on the separation of protein-aptamer complexes. Peaks 1-4 represent 

aptamer complexes of IgE (peak 1), HIV-RT (peak 2), thrombin (peak 3), and 

PDGF-BB (peak 4), and peak 5 represents a mixture of fluorescent aptamers for 

the four proteins. The pH of running buffer is 7.5 (A), 8.0 (B), 8.3 (C), 8.5 (D), 

and 9.0 (E). 
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2.4.3 Detection of multiple proteins 

Building on the success of the separation of protein-aptamer complexes, 

tunable aptamer CE was applied to the detection of four proteins. In addition to 

the adaptation of aptamers as charge modulators, another important benefit of 

aptamer binding to the proteins is the incorporation of fluorescent aptamers as 

probes to enable LIF detection of the proteins that are otherwise not amenable to 

high sensitivity LIF detection. Aptamers were labeled at 5' end with highly 

fluorescent 6'-FAM which was excited by an argon ion laser (488 nm). The 

binding of fluorescent aptamers to non-fluorescent proteins makes proteins 

amenable for highly sensitive LIF detection. In order to maximize the sensitivity 

and speed of detection, the experimental conditions for binding and detection 

were first optimized. These optimized parameters included the incubation 

temperature and time, and the effects of Mg and BSA on the formation of 

specific protein-aptamer complexes. 

Incubation temperature and time were optimized to favor the formation of 

protein-aptamer complexes. To determine the effect of temperature on the 

formation of protein-aptamer complexes, three mixture solutions each containing 

10 nM four proteins and 50 nM corresponding aptamers were incubated for 10 

min at 0 °C, 25 °C, or 37 °C, respectively. The amounts of protein-aptamer 

complexes were determined by tunable aptamer CE. Figure 2.6a shows the 

change profile of the formation of protein-aptamer complexes under different 

incubation temperatures after analysis of these mixture solutions. The maximum 

amount of protein-aptamer complexes was formed for all proteins when the 
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incubation temperature was 37 °C, although incubation temperature has the 

greatest effect on the formation of PDGF-BB complex and the smallest effect on 

the formation of IgE complex. Therefore, 37 °C was chosen as final incubation 

temperature. The effect of incubation time on the formation of protein-aptamer 

complexes was further determined by conducting another experiment in which 

three mixture solutions containing the same concentrations of proteins and their 

aptamers were incubated at 37 °C for 10, 20, or 30 min. Figure 2.6b shows the 

effect of incubation time on the formation of protein-aptamer complexes. 

Although the increase of incubation time assists the formation of protein-aptamer 

complexes for IgE, thrombin, and PDGF-BB, the formation of HIV-RT-aptamer 

complexes decreases with longer incubation time. Therefore, an incubation time 

of 10 min was used for detection of these four proteins. 

The presence of Mg in the incubation buffer can usually facilitate the 

aptamers to present their desired secondary conformation, thereby favoring the 

formation of protein-aptamer complexes. To examine the effect of Mg on the 

formation of protein-aptamer complexes, the five mixture solutions, each 

containing 10 nM four proteins and 50 nM corresponding aptamers, were added 

with 0, 0.5, 1, 2, or 3 nM Mg2+, respectively. The solutions were incubated at 

37 °C for 10 min, and the amount of protein-aptamer complexes was determined 

by tunable aptamer CE. Figure 2.7 shows results from the analysis of these 

solutions. Mg2+ has various effects on the formation of different complexes. The 

formation of thrombin and PDGF-BB complexes reached a plateau after 1 nM 

Mg2+, whereas the formation of IgE complexes increased continuously with the 
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increase in concentration of Mg . However, the increase of Mg from 0 nM to 1 

nM resulted in a moderate decrease in the formation of the HIV-RT complex, and 

further increase of Mg2+ from 1 nM to 3 nM led to a substantial decrease in the 

formation of the HIV-RT complex. Therefore, 1 nM was chosen as the final 

concentration of Mg2+ for the analysis of the four proteins. 
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Figure 2.6b Effect of incubation time on the formation of protein-aptamer 

complexes. Standard deviation: 0.03 -0.12. 
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Figure 2.7a Electropherograms showing the effect of Mg2+ on the 

formation of protein-aptamer complexes. Peaks 1-4 represent aptamer 

complexes of IgE (peak 1), HIV-RT (peak 2), thrombin (peak 3), and PDGF-BB 

(peak 4), and peak 5 represents a mixture of fluorescent aptamers for the four 

proteins. The concentration of Mg2+ is 0 (A), 0.5 (B), 1 (C), 2 (D), or 3 mM (E). 
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Figure 2.7b Effect of Mg2+ on the formation of protein-aptamer complexes. 

Standard deviation: 0.56 - 2.43. 

It has been reported that the presence of general proteins in the incubation 

buffer is able to stabilize and enhance the protein-DNA complex (17). The effect 

of general proteins on the formation of protein-aptamer complexes was examined 

by addition of different concentrations of BSA (0-500 (xg/mL) into mixture 

solutions containing 10 nM of the four proteins and 50 nM of their aptamers. 

Figure 2.8 demonstrates that the addition of BSA into the incubation buffer is 

able to enhance the formation of protein-aptamer complexes for all four proteins. 

Because the formation of protein-aptamer complexes reached plateau after the use 

of 100 nM BSA, this was determined as the optimum concentration for BSA. 
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Figure 2.8a Electropherograms showing the effect of BSA on the formation 

of protein-aptamer complexes. Peaks 1-4 represent aptamer complexes of IgE 

(peak 1), HIV-RT (peak 2), thrombin (peak 3), and PDGF-BB (peak 4), and peak 

5 represents a mixture of fluorescent aptamers for the four proteins. The 

concentration of BSA is 0 (A), 50 (B), 100 (C), 200 (D), or 500 ug/mL (E). 
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Standard deviation: 0.04 -0.11. 
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Under the optimized binding and detection conditions, the tunable aptamer 

CE was applied to the detection of four proteins. The method exhibited excellent 

sensitivity for detection of these proteins. Detection limits were 250 pM for IgE, 

100 pM for HIV-RT and thrombin, and 50 pM for PDGF-BB (Figure 2.9). 

Although Craig and Dovichi et al. (23) have demonstrated ultimate detection of 

single (3-galactosidase molecule by using a CE enzyme assay, the detection limits 

shown here are best ever reported for the simultaneous determination of multiple 

proteins by affinity CE. The calibrations were linear for the determination of IgE 

(r2=0.991), HIV-RT (r2=0.985), thrombin (r2=0.984), and PDGF-BB (r2=0.988) 

(Figure 2.10). A linear dynamic range of two orders of magnitude (1-100 nM) in 

the low concentration region was obtained for all four proteins, and this dynamic 

range could be extended to higher concentrations of proteins by using 

proportionally higher concentrations of aptamers. 
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Figure 2.9. Electropherogram showing the detection of trace levels of 

proteins using tunable aptamer CE. Peaks 1-4 represent aptamer complexes of 

IgE (peak 1), HIV-RT (peak 2), thrombin (peak 3), and PDGF-BB (peak 4). The 

concentrations of four proteins were 250pM for IgE, 100 pM for HIV-RT and 

thrombin, and 50 pM for PDGF-BB. 
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Figure 2.10a Electropherograms showing the analysis of four proteins in 

mixture solutions containing varying concentrations of proteins (0-100nM). 

Peaks 1-4 represent aptamer complexes of IgE (peak 1), HIV-RT (peak 2), 

thrombin (peak 3), and PDGF-BB (peak 4), and peak 5 represents a mixture of 

fluorescent aptamers for the four proteins. 
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Figure 2.10b. Calibration curves constructed from mixture solutions 

containing varying concentrations of proteins (0-100nM) 

2.4.4 Detection of proteins in dilute human serum sample 

To demonstrate the applicability of this assay to sample analysis, the tunable 

aptamer CE was applied to the detection of the four proteins in a dilute human 

serum sample. The four proteins were spiked into human serum sample diluted 10 

times with incubation buffer, and the concentrations of the proteins were 

determined in the spiked samples. Figure 2.11 shows the electropherograms from 
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the analysis of four proteins in the dilute human serum samples. The interference 

from serum matrix was examined first by the analysis of the dilute human serum 

sample containing only fluorescently labeled aptamers. The analysis of the serum 

samples showed matrix interference on the quantification of HIV-RT. A peak was 

observed with a similar migration time to that of HIV-RT. This peak may result 

from the non-specific binding of some DNA-binding proteins in human serum to 

fluorescent aptamers. It was subsequently found that the addition of a non-specific 

and non-fluorescent 49-mer oligonucleotide with 10 times higher concentration 

than the total fluorescent aptamers could eliminate the interference, probably by 

reducing any non-specific binding of the serum proteins to the fluorescent 

aptamers. Finally, the detection of four proteins was achieved in dilute human 

serum by tunable aptamer CE. The analysis of the four proteins was complete in 6 

min. Recoveries ranged from 92% to 113%. 
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Figure 2.11. Electropherograms showing the analysis of four proteins in 

dilute human serum sample. Peaks 1-4 represent aptamer complexes of IgE 

(peak 1), HIV-RT (peak 2), thrombin (peak 3), and PDGF-BB (peak 4), and peak 

5 represents a mixture of fluorescent aptamers for the four proteins. A corresponds 

to dilute human serum only; B corresponds to dilute human serum sample 

containing fluorescent aptamers and a non-specific and non-fluorescent 49-mer 

oligonucleotide; C corresponds to dilute human serum sample containing 

fluorescent aptamers; and D corresponds to dilute human serum sample 

containing four proteins, fluorescent aptamers and the non-specific and non-

fluorescent 49-mer oligonucleotide. 
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2.5 Conclusions 

A tunable aptamer CE assay has been developed that enables highly 

sensitive fluorescence detection of multiple proteins. The simultaneous 

determination of pM levels of four proteins was achieved in a single CE analysis. 

The multiplex capability and high sensitivity were achieved by introducing 

tunable aptamers as both charge modulators for electrophoretic separation and as 

fluorescent affinity probes for ultrasensitive fluorescence detection. The assay is 

not limited to the four proteins shown here, and the principle can be extended to 

the simultaneous analysis of other species to which aptamers can bind, including 

proteins, peptides, carbohydrates, and whole cells. The throughput of the assay 

can be further enhanced by using electrophoresis systems with multiple capillaries 

(22), or microfluidic devices with multiple channels. The assays for multiple 

proteins are potentially useful for biomarker development, clinical testing, and 

medical diagnostics. 
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Chapter Three 

Differentiation and Detection of PDGF Isomers and Their 

Receptors by Tunable Aptamer Capillary Electrophoresis 

3.1 Introduction 

PDGF was discovered as a major mitogen and chemoattractant in serum for 

mesenchymal-derived cells (1-3). PGDF is composed of two disulfide-linked 

polypeptide chains designated A and B (4). The native protein occurs as the 

homodimers AA or BB or the heterodimer AB. The dimeric isomers PDGF-AA, 

AB, and BB are differentially expressed in various cells and their biological 

functions are mediated through binding to two cell surface proteins, PDGF 

receptors a and P (5-7). Differences exist in isoform binding to each receptor. The 

receptor a binds to all three PDGF isomers, whereas the receptor P binds only to 

the PDGF-AB and PDGF-BB isomers with high affinity (8-10). It is essential to 

determine the composition of PDGF isomers and their receptors in order to 

understand their functions and their interactions. A variety of aptamer-based 

methods have been demonstrated for the determination of PDGF-AB and BB (11-

15). However, all these methods allowed the determination of only the total 

amount of PDGF-AB and BB. They are not able to differentiate and detect PDGF-

AB and BB separately in a mixture. 

The objective of this chapter is to demonstrate the capability of the tunable 

aptamer CE for analysis of protein isomers or families of proteins. The PDGF-AB 

and BB were chosen as a model because aptamers for them are available. We take 
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advantage of the discovery that these aptamers bind only to PDGF B chain with 

high affinity (16). PDGF receptors a and P were also determined based on the 

interaction of isomers with their receptors. 

3.2 Experimental 

3.2.1 Reagents 

Recombinant human PDGF-AA, PDGF-AB, PDGF-BB, PDGF receptor a, 

and PDGF receptor P were all obtained from R&D Systems (Minneapolis, MN) in 

lyophilized form, free from carrier protein. BSA and human serum were 

purchased from Sigma (Oakville, ON). PDGFs were reconstituted in 4 mM HC1 

containing 0.1% BSA to prepare a stock solution of 1 uM. The PDGF receptor 

stock solution at 5 uM was prepared by reconstitution of receptors in 1 xPBS 

buffer containing 0.1% BSA. The stock solutions were stored at -20 °C when not 

in use. PDGF binding aptamers, 20t-4 (5'-AGG 

GCGCGTTCTTCGTGGTTACTTTTAGTCCCG-3') and 36t-4 (5'-

CAGGCTACGGCACGTAGAGCATCACCATGATCCTG-3'), and a non-specific 

49 mer oligonucleotide (5'-TGGTCTTGTGTGGCTGTGGCTATGTCTGATCTT 

AATCCACGAAGTCACC-3') were synthesized, and purified by Integrated DNA 

Technologies (Coralville, LA). The 6'-FAM label was attached directly to the 5' 

end of aptamers, and fluorescently labeled aptamers were purified by reversed-

phase HPLC. The 10><TG was obtained from Bio-Rad Laboratories (Mississauga, 

ON), lx TG buffer (25 mM Tris and 192 mM glycine, pH 8.3) was diluted with 

deionized water from lOxTG and then adjusted to desired pH by 1 M NaOH. All 

other reagents were commercially available analytical grade. 
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3.2.2 Capillary electrophoresis 

A laboratory-built CE-LIF system was used in this work (17-19). The 

schematic of the CE-LIF system is shown in Figure 2.2. The separation was 

conducted by using 40 cm long uncoated fused silica capillaries (20-nm i.d., 150-

um o.d. Polymicro Technologies, Phoenix, AZ) at room temperature. Samples 

were electrokinetically injected into the capillary at a voltage of 18 kV for 5 s, and 

a running voltage of 18 kV (450 V/cm) was employed to drive separation. The 

running buffer used for all experiments was lxTG adjusted to pH 8.5 by 1 M 

NaOH unless otherwise stated. Periodically, the capillaries were treated by 

running 0.02 M NaOH for 5 min, followed by water for 3min and running buffer 

for 5 min at 300-450V/cm. All CE data were analyzed using Igor Pro software 

(version 4.04, WaveMetrics, Lake Oswego, OR). 

3.2.3 Formation of complexes 

To place aptamers in their desired conformation, the 5 uM aptamer stock 

solution in 10 mM Tris-HCl (7.4) + 1 mM MgCl2 was treated at 80 °C for 5 min 

followed by cooling slowly to room temperature before analysis. The sample 

incubation buffer was 10 mM Tris-HCl (7.4) containing 1 mM MgCb and 0.2% 

BSA. To form complexes, the appropriate volumes of aptamer and protein stock 

solutions were mixed and diluted with incubation buffer to obtain the desired 

concentrations of aptamers and proteins. The final sample solution was 50 uL. 

Before injection, the sample solution was incubated at 37 °C for 20 min. 

3.2.4 Serum sample preparation 

A frozen serum sample was thawed in a water bath at 30 °C, and then kept 
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on ice. Prior to analysis, 0.5 mL of the serum sample was centrifuged at 10,000 

rpm for 10 min to remove precipitate. The appropriate volumes of aptamer, non­

specific DNA sequence, and protein stock solutions were mixed with 5 uL serum 

to obtain the desired concentration, and the incubation buffer was then added to 

produce a final volume of 50 uL. Samples were incubated and injected as 

indicated above. 

3.3 Results and Discussion 

3.3.1 Tunable aptamer capillary electrophoresis of protein isomers 

In tunable aptamer CE, fluorescently labeled aptamers serve as charge 

modulators to modify the electrophoretic mobility of proteins, in addition to 

binding specifically to the target proteins that enables laser-induced fluorescence 

detection of proteins (20). Two aptamers, 20t-4, and 36t-4, have been isolated to 

bind to the PDGF B chain with much higher affinity than the A chain (11). The 

value of the dissociation constant (Kd) of aptamers to the B chain is around 10"10 

M. In contrast, the Kd value of these two aptamers to the A chain is higher than 

10"8 M. Therefore, only one aptamer molecule can be introduced to bind with a 

single PDGF-AB molecule, forming a 1:1 protein-aptamer complex, whereas one 

PDGF-BB molecule is capable of binding to two molecules of the aptamer, 

forming a 1:2 protein-aptamer complex. Although the two isomers have similar 

molecular weight (PDGF-AB, 27 kDa; PDGF-BB, 25 kDa) and pi value (pi 9.5-

10.0), the formation of two types of complexes lead to the isomers carrying on 

different numbers of nucleotides. This difference further results in the difference 

in the electrophoretic mobility of two isomers, which allows us to achieve the 
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separation of these isomers by tunable aptamer CE. 

3.3.2 Separation of PDGF isomers 

Figure 3.1 presents electropherograms obtained from analysis of PDGF-

AA, AB, and BB by using aptamers 20t-4 or 36t-4. As expected, neither 20t-4 nor 

36t-4 produced the peak of the complex between aptamers and PDGF-A A (Figure 

3.1a), because of the low binding affinity of aptamers to the A chain. An extra 

peak appeared prior to the aptamer peak, when 20t-4 was applied to the analysis 

of both PDGF-AB and BB (Figure 3.1b and c). This peak resulted from the 

formation of protein-aptamer complex. A similar result was obtained when 36t-4 

was used for the detection of PDGF-AB and BB. Under the running buffer pH of 

~8.5, the net charges of both PDGF-AB and BB were positive, because the pi of 

both isomers was clearly higher than the pH of the running buffer. The uncoated 

fused-silica capillary would not be suitable for direct analysis of these proteins 

due to the adsorption of proteins to the negatively charged capillary surface. The 

binding of aptamers to proteins makes complexes negatively charged, thereby 

eliminating the adsorption problem and focusing the protein-aptamer complexes 

into narrow zones. 

In principle, PDGF-BB is able to bind to one or two aptamer molecules 

depending on the ratio of the protein-to-aptamer concentration present in the 

solution. However, initial experiments did not produce peak from the 1:1 protein-

aptamer complex except for a small baseline shift before the peak from the 1:2 

protein-aptamer complex, even when the concentration of the protein was higher 

than that of the aptamer in samples. These results suggest that probably the PDGF 
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B chain carries positive charges and it is responsible for basic properties of both 

PDGF-AB and BB, instead of the A chain. The presence of positive charges from 

unbound B chain in the 1:1 PDGF BB-aptamer complex probably leads to the 

adsorption of complex to the capillary surface. Therefore, the 1:1 PDGF BB-

aptamer complex did not come off the column, and did not interfere with the 

detection of PDGF-AB. 

The complex peaks with similar intensity were obtained under the same 

experimental conditions when 20t-4 was employed for analysis of PDGF-AB and 

BB. However, under the same conditions the use of 36t-4 produced a much 

smaller complex peak for analysis of PDGF-AB, and a little smaller complex peak 

for analysis of PDGF-BB. The possible reason is because 20t-4 and 36t-4 bind to 

the different sites on the surface of the PDGF B chain. The binding of 36t-4 to B 

chain may not cover efficiently all of the surface positive charges, and some 

amount of the complex is adsorbed on the capillary surface. Therefore, the use of 

36t-4 resulted in smaller complex peaks for analysis of PDGF-AB and BB, 

although 20t-4 and 36t-4 have similar Kd to the PDGF B chain. This explanation 

is further supported by additional experiments shown later in section 3.3.4. 

Consequently, 20t-4 was chosen for separation of PDGF-AB and BB. 
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Figure 3.1. Electropherograms showing analysis of PDGF-AA (a), AB (b), 

and BB (c) using aptamer 20t-4 or 36t-4. The sample solutions contained 50 nM 

protein and 250 nM aptamer. Peak 1 is the complex of the aptamer and protein; 

and peak 2 is the unbound fluorescent aptamer. 
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The PDGF-AB bound to a single 20t-4 was resolved well from the PDGF-

BB that was bound to two 20t-4 molecules as shown in Figure 3.2. PDGF-BB has 

smaller molecular weight and carries more positive charges than PDGF-AB under 

the pH of the running buffer, so free PDGF-BB presents faster mobility than 

PDGF-AB. However, upon binding to two aptamer molecules, the more 

negatively charged nucleotides made the PDGF-BB aptamer complex carry more 

negative charges than the PDGF-AB-aptamer complex, which resulted in the 

slower migration of PDGF-BB through the capillary than PDGF-AB. 

The pH of running buffer plays critical roles in influencing the shapes, 

sizes, and charges of proteins and the formation of the protein-aptamer complex. 

The effect of running buffer pH on the separation of the PDGF-AB aptamer 

complex from the PDGF-BB-aptamer complex was studied. The results are shown 

in Figure 3.3. The best resolution and sharpest peaks were produced with pH of 

8.5 and 8.3. At pH 9.0, the lower complex peaks resulted, showing the decrease of 

the stability of complexes at higher pH. At pH 7.5, the resolution was also good, 

but it also resulted in longer migration time and wider peak shape, because of the 

lower EOF and more interaction of proteins with the capillary wall when pH was 

decreased. The pH of 8.5 was finally chosen for the separation and detection of 

PDGF isomers. 
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Figure 3.2. Separation of PDGF-AB from BB by tunable aptamer CE. The 

sample solution contained 25 nM PDGFs and 250 nM 20t-4. Peak 1 is the 

complex of the PDGF-AB with a single 20t-4 molecule; peak 2 is the complex of 

the PDGF-BB with two 20t-4 molecules; peak 3 is due to the unbound fluorescent 

aptamer. 

87 



10-i 

a 

•e 

o 
S3 <u o 
<U 
s-i 
O 

E 

6H 

4H 

2 ^ 

r 
2 

10 
! r 

6 8 

Migration time (min) 

Figure 3.3. Effect of the pH of the running buffer on the separation of 

PDGF-AB from BB. The first peak of each electropherogram is the complex of 

the PDGF-AB with a single 20t-4 molecule; the second peak is the complex of the 

PDGF-AB with two 20t-4 molecules; the third one is due to the unbound 

fluorescent aptamer. 
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3.3.3 Determination of PDGF isomers 

The presence of Mg2+ in the incubation buffer can usually enhance the 

aptamers to form their desired conformation, thereby improving the formation of 

protein-aptamer complexes. Figure 3.4 shows the peak area variation of protein-

aptamer complexes obtained from the analysis of solutions containing varying 

concentrations of Mg2+ and constant concentrations of the aptamer and protein. 

The peak area of complexes increased with the increase of Mg concentration 

until reaching to a plateau at Mg2+ of 1 mM. 1 mM was chosen as the Mg2+ 

concentration in the incubation buffer to obtain the best sensitivity. 
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Figure 3.4. Effect of Mg2+ concentration on the formation of PDGF-

aptamer complexes. Standard deviation: 1.32 -3.67. 
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Optimized separation and detection conditions were used to examine the 

dynamic range of analysis. Figure 3.5 shows a series of electropherograms from 

the analysis of PDGF isomers in mixture solutions containing varying 

concentrations of proteins (0.5-50 nM) and 300 nM of 20t-4. Calibration curves 

were constructed using peak areas as a function of the protein concentration. 

Calibrations were linear for the determination of both PDGF-AB (1^=0.998) and 

PDGF-BB (r2=0.994). A linear dynamic range of two orders of magnitude (0.5-

50nM) was obtained for both isomers, and this dynamic range could be extended 

to higher concentrations of proteins by using proportionally higher concentrations 

of the aptamers. The binding of fluorescent aptamers to non-fluorescent proteins 

makes proteins amenable for highly sensitive laser-induced fluorescence detection. 

Detection limits, defined as the concentration corresponding to a signal three 

times standard deviation of the background, were 50 pM for both PDGF-AB and 

PDGF-BB as shown in Figure 3.6. 

The applicability of the assay to sample analysis was demonstrated by the 

determination of spiked proteins in a 10-fold diluted human serum sample. The 

human serum was diluted to decrease the ionic strength of sample and the 

potential interference from high abundant proteins in the serum. A non-specific 

and non-fluorescent 49-mer oligonucleotide was added into the sample to reduce 

any non-specific binding of the serum proteins to the fluorescent aptamer. No 

obvious interference was observed when spiked isomers were detected in a 10-

fold diluted human serum samples as shown in Figure 3.7. Recoveries ranged 

from 96% to 115%. 
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Figure 3.5. Electropherograms showing the analysis of PDGF-AB and BB. 

The concentrations of proteins are 0.5, 2, 5, 10, 30, 40, and 50 nM from the 

bottom traces to the top. 
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Figure 3.6. Electropherogram showing the detection limits of the method 

for the analysis of PDGF-AB and BB. Peak 1 is the complex of PDGF-AB with 

20t-4; peak 2 is the complex of PDGF-BB with 20t-4; and peak 3 is due to the 

unbound fluorescent aptamer. The concentrations were 50 pM for both PDGF-AB 

and PDGF-BB, and lOOnM fluorescently labelled aptamer 20t-4. 
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3.3.4 Analysis of PDGF receptor a 

PDGF receptor a binds to both PDGF A and B chains, while PDGF 

receptor p binds only to PDGF B chain. Having this information combined with 

the results from this chapter showing that aptamers 20t-4 and 36t-4 bind only to 

the PDGF B chain with high affinity (Figure 3.1), it is possible to develop assays 

for these receptors. Specifically, in the first approach, it is possible to apply 

PDGF-AB as a connector, bringing the receptor a and the fluorescent aptamer into 

a single complex molecule, if the two binding events are compatible. The 

formation of a (receptor a)-(PDGF-AB)-(aptamer) ternary complex represents the 

incorporation of the fluorescent aptamer as a probe, enabling the laser-induced 

fluorescence detection of receptor a (Figure 3.8). 

Receptor a PDGF-AB Aptamer Ternary complex 

Figure 3.8. Schematic of formation of the (receptor a)-(PDGF-AB)-

(aptamer) ternary complex 

The ability of 20t-4 and 36t-4 to form the (receptor a)-(PDGF-AB)-

(aptamer) complex was examined by incubating 20t-4 and 36t-4 separately with 

PDGF receptor a and PDGF-AB. The results are shown in Figure 3.9. A small 

peak was observed at the front of the peak of the PDGF-AB aptamer complex 
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when aptamer 20t-4 was used (Figure 3.9 A). In contrast, the use of 36t-4 led to a 

much larger ternary complex peak under the same experimental conditions 

(Figure 3.9 B). This peak resulted from the formation of the (receptor a)-(PDGF-

AB)-(aptamer) complex. The binding of an additional large protein (MW of 

receptor a, 56 kDa) reduced the negative charge density of the PDGF-AB-aptamer 

complex, thereby bringing the (receptor a)-(PDGF-AB)-(aptamer) complex with a 

faster migration rate through the capillary. The difference in the peak intensity of 

the (receptor a)-(PDGF-AB)-(aptamer) complex is consistent with the previous 

suggestion that aptamers 20t-4 and 36t-4 bind to different sites of the PDGF B 

chain. The binding of aptamer 36t-4 probably covers one site of PDGF B chain 

and leaves other more positively charged sites exposed, which brings about the 

strong adsorption of (PDGF-AB)-(aptamer 36t-4) complex to the capillary wall. 

But the exposed sites on PDGF-AB provide enough space for the binding of 

receptor a to the PDGF A chain. On the other hand, the binding of aptamer 20t-4 

to a different site of the PDGF B chain effectively blocks the surface positive 

charges, and avoids the adsorption of the (PDGF-AB)-(aptamer 20t-4) complex. 

However, the binding of aptamer 20t-4 to PDGF B chain hinders the binding of 

receptor a to the PDGF A chain. So aptamer 20t-4 has a stronger ability to inhibit 

the binding of receptor a to PDGF-AB. Based on the above results, aptamer 36t-4 

was chosen as the probe for the analysis of receptor a. 
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Figure 3.9. Electropherograms showing analysis of PDGF receptor a by 

using aptamer 20t-4 or 36t-4. Sample (A) contained 25nM receptor a, 100 nM 

PDGF-AB, and 500 nM 20t-4; sample (B) contained 25nM receptor a, 100 nM 

PDGF-AB, and 500 nM 36t-4. Peak 1 is the complex of receptor a, PDGF-AB 

and aptamer; peak 2 is the complex of PDGF-AB and aptamer; and peak 3 is due 

to the unbound fluorescent aptamer. 
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Experiments were conducted to compare the impact of three incubation 

modes (sequence) on the formation of the (receptor a)-(PDGF-AB)-(aptamer) 

complex. In the first experiment, the receptor a was first incubated with PDGF-

AB for 10 min, followed by the addition of 36t-4 and another 10 min incubation. 

In the second experiment, the PDGF-AB was incubated with 36t-4 for 10 min, 

and then receptor a was added for the next 10 min incubation. In the last 

experiment, the three components were mixed at the same time and incubated for 

20 min. The results indicated that all three conditions produced little difference in 

the formation of the (receptor a)-(PDGF-AB)-(aptamer) complex. So two binding 

events, the binding of receptor a to PDGF-AB and the binding of 36t-4 to PDGF-

AB, are quite compatible and do not affect each other. 

To achieve better sensitivity, a 5:1 ratio of fluorescent 36t-4 to PDGF-AB 

was used in the experiment to deplete the existence of unbound PDGF-AB, 

reducing the possible formation of (receptor a)-(PDGF-AB)-(aptamer) complex 

without the fluorescent aptamer. Under the optimum conditions, the method was 

able to detect at levels as low as 0.5 nM PDGF receptor a as shown in Figure 

3.10. Figure 3.11 shows a series of electropherograms from the analysis of PDGF 

receptor a in mixture solutions containing varying concentrations of receptor a 

and constant concentration of PDGF-AB and 36t-4 aptamer. A linear calibration 

curve was obtained for the determination of receptor a with an r2 value of 0.989. 

A linear dynamic range from 1 to 50 nM was obtained, and this dynamic range 

could be extended to higher concentrations of protein by using proportionally 

higher concentrations of PDGF-AB and 36t-4. The spiked receptor a was also 
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successfully detected in 10-fold diluted serum as shown in Figure 3.12. The 

addition of the non-specific, non-fluorescent oligonucleotide eliminated the 

interference from the non-specific binding of serum proteins to the fluorescent 

aptamers. 
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Figure 3.10. Electropherogram showing the detection of 0.5 nM PDGF 

receptor a 
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Figure 3.11. Electropherograms showing the analysis of PDGF receptor a. 

The concentrations of proteins are 1,5, 10, 15, 25, 35, and 50 nM from the bottom 

traces to the top. Peak 1 is the complex of receptor a, PDGF-AB, and aptamer; 

peak 2 is the complex of PDGF-AB and aptamer; and peak 3 is due to the 

unbound fluorescent aptamer. 
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Figure 3.12. Electropherograms showing the analysis of PDGF receptor a 

in the diluted human serum sample. Sample A contained 30 nM receptor a, 100 

nM PDGF-AB, 500 nM aptamer 36t-4, and 5 uM non-specific oligonucleotide; 

Sample B contained 100 nM PDGF-AB, and 500 nM 36t-4, and 5 uM non­

specific oligonucleotide; Sample C contained 500 nM 36t-4. All three samples 

contained 10-fold diluted human serum. Peak 1 is the complex of receptor a, 

PDGF-AB, and aptamer; peak 2 is the unbound fluorescent aptamer; and peak 3 is 

due to non-specific binding of serum proteins to the fluorescent aptamers. 
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3.3.5 Competitive assay for PDGF receptor p 

Since PDGF receptor p, 20t-4, and 36t-4 bind only to the PDGF B chain, 

two possible strategies were considered to detect PDGF receptor p. If the binding 

of PDGF receptor P and the aptamer to the PDGF B chain are compatible with 

each other, PDGF-BB could be used as a connector to bring the receptor p and 

fluorescent aptamer together, forming a (receptor P)-(PDGF-BB)-(aptamer) 

complex. Alternatively, the analysis of receptor p could be carried out in a 

competitive assay format based on the competition between the receptor p and a 

fluorescent aptamer in binding to the PDGF B chain. 

The possibility of forming the (receptor P)-(PDGF-BB)-(aptamer) 

complex was first determined by mixing receptor P and PDGF-BB with aptamer 

20t-4 or 36t-4. The electropherograms are shown in Figure 3.13. Except for the 

peaks from the PDGF-BB aptamer complex and unbound aptamer, no ternary 

complex peak could be attributed to the binding of receptor P, PDGF-BB, and the 

aptamer when either 20t-4 or 36t-4 was used, which agreed with the reported 

results that these aptamers can inhibit efficiently the binding of PDGF-BB to 

receptors (11, 21). 

A competitive assay format was tested, and PDGF-AB and BB were 

compared as the competitive binding target for analysis of receptor p in the 

competitive format. The results are shown in Figure 3.14. The use of PDGF-BB 

leads to a better sensitivity than AB, which suggests that the binding of the second 

aptamer to PDGF-BB is weaker than that of the first aptamer. This is not 

surprising because the presence of negative charges from the first aptamer repels 
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the binding of the second aptamer. So PDGF-BB and 20t-4 were chosen for the 

analysis of receptor p. 

The concentration of the aptamer and PDGF-BB is critical to the analysis 

of receptor p. Too high a concentration produces an overly large PDGF-BB 

aptamer complex peak, and measuring the small change in peak area produced by 

the low concentration of receptor p is difficult, damaging the sensitivity of the 

assay. However, too low a concentration would narrow the dynamic range of the 

analysis. The optimized concentrations of the aptamer and PDGF-BB were 10 nM 

and 5 nM, respectively. A detection limit of 3 nM was obtained for analysis of 

receptor p under the optimized conditions. A linear calibration curve was obtained 

for the determination of receptor with an r value of 0.986 as shown in Figure 

3.15. A linear dynamic range from 5 to 200 nM was determined. 
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Figure 3.13. Electropherograms showing the analysis of PDGF receptor p 

using PDGF-BB and aptamer 20t-4 or 36t-4 in a noncompetitive format. 

Sample A contained 25 nM receptor p, 100 nM PDGF-BB, and 500 nM 20t-4; 

Sample B contained 25 nM receptor p, 100 nM PDGF-BB, and 500 nM 36t-4. 

Peak 1 is the complex of PDGF-BB and the aptamer; peak 2 is due to the unbound 

fluorescent aptamer. 
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Figure 3.14. Electropherograms showing analysis of PDGF receptor P by 
using PDGF AB and 20t-4 (a) or using PDGF BB and 20t-4 (b). Sample A 
contained 5 nM PDGF-AB and 10 nM 20t-4; sample B contained 100 nM 
receptor p\ 5 nM PDGF-AB and 10 nM 20t-4; sample C contained 5 nM PDGF-
BB and 10 nM 20t-4; sample D contained 100 nM receptor p\ 5 nM PDGF-BB 
and 10 nM 20t-4. Peak 1 is the complex of PDGF-AB and aptamer; peak 2 is due 
to the unbound fluorescent aptamer; peak 3 is the complex of PDGF-BB and 
aptamer 

104 



M 

a 

o 
O 

12 

10 i 

6 H 

50 100 150 200 

Concentration of p receptor (nM) 

250 
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5nM PDGF-BB and lOnM 20t-4 with various concentrations of receptor p 

3.4 Conclusions 

The differentiation and detection of PDGF-AB and PDGF-BB isomers 

have been achieved by the tunable aptamer CE. Using an aptamer that binds to the 

B chain but not the A chain of PDGF, the electrophoretic mobilities of the PDGF 

isomers were tweaked for their separation. PDGF-AB bound to a single aptamer 

was resolved well from PDGF-BB bound to two aptamer molecules. 

Simultaneous determination of pM levels of two isomers was accomplished in a 

single analysis. To our knowledge, this is the first demonstration of separation and 
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determination of these PDGF isomers in a mixture by using an aptamer as a probe. 

PDGF-AB has been employed as a connector to bring the receptor a and 

the fluorescent aptamer into a single complex molecule. The formation of a 

(receptor a)-(PDGF-AB)-(aptamer) complex represents the incorporation of the 

fluorescent aptamer as probe, enabling detection of the receptor a in a 

noncompetitive affinity assay. The method was able to detect as low as 0.5 nM of 

receptor a. Furthermore, by conducting a competitive assay, the determination of 

receptor p was demonstrated based on competition between the receptor P and a 

fluorescent aptamer in binding to the PDGF B chain. The detection limit of 5 nM 

was obtained for determination of receptor p. 

Two aptamers, 20t-4 and 36t-4, showed different performances in analysis 

of PDGF isomers and their receptors. The differences in both the formation of the 

PDGF-AB aptamer complex and the formation of (receptor a)-(PDGF-AB)-

(aptamer) complex indicate that 20t-4 and 36t-4 bind to different sites of the 

PDGF B chain. Aptamer 20t-4 has a stronger ability to inhibit the binding of 

receptor a to PDGF -AB. The methods developed in this study provide another 

potential approach to determine the impact of aptamers on the inhibition of the 

binding of PDGF isomers to their receptors. 

The assay is not limited to the PDGF isomers shown here, and the 

principle can be extended to separation and detection of other protein isomers or a 

family of proteins to which aptamers can bind. The throughput of the assay can be 

further enhanced by using electrophoresis systems with multiple capillaries (22) 

or microfluidic devices with multiple channels. 
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Chapter Four 

Ultrasensitive Detection of Proteins by Amplification of 

Affinity Aptamers 

4.1 Introduction 

Determination of low-abundance proteins is essential for characterizing 

proteomes and studying their biochemical functions. To improve the sensitivity 

and specificity of protein detection, the proximity-dependent DNA-ligation assays 

(1-4), immuno-PCR, (5-7) and nanoparticle-based bio-barcode technique (7-13) 

have been developed, albeit each has its own advantages and drawbacks. 

Although nucleic acids can be amplified by PCR to improve the sensitivity, 

there is no comparable technique to chemically amplify proteins. The primary 

objective of this chapter is to develop a novel technology that enables the 

detection of proteins with high sensitivity, by taking advantage of PCR technology 

for DNA amplification. The main approach is the integration of affinity aptamer 

recognition, CE separation, and PCR amplification. Figure 4.1 shows the concept 

and process of the aptamer amplification assay. First, an aptamer is introduced to 

bind to a target protein, forming a protein-aptamer complex. The protein-aptamer 

complex is then separated from the unbound aptamer using CE. The fractions 

containing only the protein-aptamer complex are collected. The bound aptamer is 

then dissociated from the complex, and then amplified by PCR. The amplification 

of the aptamer to which the protein binds dramatically improves the sensitivity of 

* A portion of this chapter has been published in H. Zhang, Z. Wang, X.-F. Li and X. C. Le, 109 

Angew. Chem. Int. Ed., 2006,45, 1576-1580. 



the detection of proteins. Since this affinity aptamer PCR technique fulfills the 

ultrasensitive protein detection through PCR amplification of the aptamer bound 

to the protein, it is termed an affinity aptamer amplification assay. To demonstrate 

the proof of principle, HIV-RT was chosen as the initial target protein because of 

the importance of this protein in the life cycle of the HIV virus. 

Figure 4.1. Concept and process of the affinity aptamer amplification 

assay 

4.2 Experimental 

4.2.1 Reagents 

HIV-RT was obtained from Worthington Biochemical (Lakewood, NJ). 

RT26(5'-ATCCGCCTGATTAGCGATACTTACGTGAGCGTGCTGTCCCCT 

AAAGGTGATACGTCACTTGAGCAAAATCACCTGCAGGGG-3'), both 

unlabeled and labeled with 5'-FAM, were synthesized at the University Core DNA 

Services, University of Calgary. Both the forward primer (5-

CCGCCTGATTAGCGATACTT-3') and the reverse primer (5'-

TGCAGGTGATTTTGCTCAAG-3') were obtained from Integrated DNA 
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Technologies (Corarville, IA). Platinum Pfx DNA polymerase and Platinum Taq 

DNA polymerase (both from Invitrogen, Burlington, ON) were tested initially, 

and Platinum Taq DNA polymerase was chosen for all the subsequent PCR 

experiments. Tris-borate-EDTA (TBE) buffer solution (89 mM Tris base, 89 mM 

boric acid, and 2 mM EDTA, pH 8.0) was prepared in autoclaved and deionized 

water by dissolving appropriate amounts of the reagent-grade materials. 1><TG 

buffer solution (25 mM Tris and 192 mm glycine, pH 8.3) was diluted with 

autoclaved, deionized water fromlOXTG buffer that was obtained from Bio-Rad 

Laboratories (Mississauga, ON). 

As a negative control, a non-specific DNA oligonucleotide with sequence 

5'-ATCCGCCTGATTAGCGATACTTGTAGACTGGAGACGAATGCGCATAC 

GAGTCGAACGCTTGAGCAAAATCACCTGCAGGGG-'3 was obtained from 

Integrated DNA Technologies (Corarville, IA). It has the same size and primer 

regions (underlined) as aptamer RT26, but the middle 35-nt sequence is random 

and is different from that of aptamer RT26. 

4.2.2 Capillary electrophoresis with laser-induced fluorescence detection. 

Figure 2.2 shows the schematic of CE-LIF system used in this work (14-16). 

Electrophoresis was carried out at room temperature with a voltage of 15 kV 

(electric field 375 V/cm) with TG buffer solution as the running buffer. Samples 

were injected electrokinetically for 3 s at 15 kV. Following each CE run, the 

capillary was washed sequentially with TG buffer solution (10 min), water (5 min), 

and lxTG buffer solution (5 min). Aptamers and proteins of desired 

concentrations were mixed in TBE buffer solution (60 uL) in 200 uL 
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microcentrifuge vials. The vials were vortexed for 20 s and put on ice for 5 min 

prior to analysis by CE. 

4.2.3 Fraction collection, PCR amplification and gel electrophoresis 

Fractions from the outlet of the capillary were collected into separate 200 

uL vials, each containing lxTG buffer (15 uL). Fractions were collected for 30 s 

intervals of CE separation (initially 15 s collections were also used). Between 

fractions, the CE voltage was temporarily stopped to allow changes of new vials 

for collection of the subsequent fractions. From the initial CE-LIF analysis of an 

incubation solution that contained fluorescently labeled aptamer (10 nM) and 

HIV-1 RT (1 nM), the protein-aptamer complex (3-3.5 min) and the unbound 

aptamer (4-5 min) were detected by LIF. However, further decreased 

concentrations of the aptamer and protein could not be detected even by the most 

sensitive LIF technique. Therefore, the fractions had to be collected without LIF 

monitoring. Fraction collection intervals of 15 s and 30 s were initially compared. 

Although 15 s fractions provided a better resolution of separation, the 30 s 

fractions provided a more reproducible collection of sufficient amounts for the 

subsequent PCR. Thus, fractions at 30 s intervals were collected and analyzed. 

A fraction collected from CE was mixed with 10 X PCR buffer solution (5 

|xL; minus Mg), dNTP mixture (1 uL, 10 mM), MgCb (1.5 jxL, 50 mM), primer 

mix (1.5 uL, 10 uM), and 0.2 uL Platinum Taq DNA polymerase, in 50 uL 

autoclaved, distilled water. The mixture was initially heated to 94 °C for 3 min. 

The subsequent temperature cycling program included 94 °C for 30 s, 55 °C for 

30 s, and 72 °C for 30 s, and finally 10 min extension at 72 °C. PCR programs of 
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25, 40, and 50 cycles were compared, and the PCR program with 50 cycles was 

chosen to maximize the products. At a lower number of cycles (25 cycles) no 

primer dimer was seen; at 50 cycles, however, the band was distinctly observed. A 

positive control (2 uL 10-13 M aptamer RT26) and a negative control (15 uL 

autoclaved, distilled water) were included with each set of PCR experiments. 

The PCR products were separated by using gel electrophoresis on 8% 

polyacrylamide gels. The electric field was 8 V/cm and the running buffer 

solution was TBE. The gel was stained by submerging it in ethidium bromide (0.5 

fig/mL) for 5-10 min. The bands were visualized on a Syngene (Cambridge, UK) 

UV illuminator and the intensity was integrated using Adobe Photoshop and 

Polaroid PhotoMaxPro. The DNA marker was a 10 bp DNA ladder consisting of 

33 repeats of 10 bp plus a fragment at 1668 bp. The 100 bp band is approximately 

2-3 times stronger than other ladder bands to provide internal orientation. 

4.2.4 Sequencing of PCR amplified aptamer 

The PCR products were sequenced at the Molecular Biology Facility in the 

Department of Biological Sciences, University of Alberta. A solution containing 

aptamer RT26 (0.1 nM) and HIV-1 RTase protein (150 fM) was separated by CE 

and the fraction at t=3-3.5 min, which contained the protein-aptamer complex, 

was collected and amplified using PCR as described above. This PCR product 

was purified by QIAGEN MinElute PCR Purification Kit (Mississauga, ON) and 

diluted to 200 uL with autoclaved deionized water, from which 5 uL was used for 

each of ten replicate PCR reactions. These ten PCR reactions were each carried 

out under the same conditions as described above, with the exception that 12 
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cycles were used. The PCR products were pooled, purified by a Qiagen MinElute 

PCR Purification Kit, and concentrated by ethanol precipitation. Sequencing from 

both the forward primer and the reverse primer directions was performed. 

4.3 Results and Discussion 

4.3.1 Amplification of aptamer for HIV-RT 

To achieve the ultrasensitive protein detection in this study, the aptamer is 

required to play two roles: to recognize the target protein and serve as the 

template of subsequent PCR amplification. The former role requires the aptamer 

used to possess high binding affinity for the protein, whereas the latter requires 

that the aptamer be long enough to contain the primer regions for PCR 

amplification. A high-affinity DNA aptamer (RT 26, Kd = 1 nM) for HIV-RT had 

been previously chosen using the SELEX process. RT 26 is a relatively long 

aptamer containing 81 nt. A pair of primers 20 nt each was designed to allow the 

production of a 75-nt amplified aptamer. To determine minute amounts of HIV-RT, 

the PCR amplification is required to enable detection of very low numbers of the 

aptamer. To ensure that low number of aptamer molecules can be amplified by 

PCR and analyzed by gel electrophoresis, three PCR experiments with different 

amplification cycles were carried out to amplify the serially diluted aptamer 

solutions that contained 6000, 600, and 60 aptamer molecules (Figure 4.2). The 

amplification of 25 cycles was not sufficient to produce enough DNA from 60-

6000 aptamer molecules to result in an observable band corresponding to the 

amplified aptamer. Although amplification of 40 cycles resulted in a clear band 

for each aptamer solution, the stronger bands were obtained under amplification 
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of 50 cycles. Therefore, amplification of 50 cycles was used in PCR experiments 

for protein detection. The detection limit of the aptamer was further determined 

by amplification of a series of serially diluted aptamer solution that contained 

6000, 600, 60, and 6 aptamer molecules (Figure 4.3). Through PCR, six aptamer 

molecules were amplified and detected, whereas in the duplicate blanks, no 

aptamer was detected. 

Aptamer 

6000 600 60 6000 600 60 6000 600 60 
25 cycles 40 cycles 50 cycles 

Figure 4.2. PCR with different amplification cycles and gel electrophoresis 

showing amplification of serially diluted aptamer solutions, containing 6000, 

600, and 60 aptamer molecules 
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Figure 4.3. PCR and gel electrophoresis showing amplification of serially 

diluted aptamer solutions, containing 6000, 600, 60, and 6 aptamer molecules. 

Duplicate blanks were carried out in parallel. 

116 



4.3.2 Separation of the protein-aptamer complex from the unbound 

aptamer 

In addition to the extreme sensitivity of the PCR technique for detection of 

aptamers, the powerful separation ability of CE is another critical factor that 

contributes to the accomplishment of the detection of trace amounts by the affinity 

aptamer amplification assay. If the protein-aptamer complex could be completely 

separated from the unbound aptamer by using CE, it would be possible to collect 

the fractions containing only the protein-aptamer complex. Thus, background 

signal from unbound aptamer could be avoided, thereby enabling ultrasensitive 

protein detection. The separation of the protein-aptamer complex from the 

unbound aptamer was initially studied by analysis of a sample solution containing 

HrV-RT and fluorescently labeled RT-26 at a concentration that could be detected 

by CE-LIF. Figure 4.4 shows the electropherograms of the analysis. In an open 

capillary and under free-zone electrophoresis conditions, the electrophoretic 

mobility of the analyte was proportional to its charge-to-mass ratio. At the running 

buffer pH of 8.3, the aptamers are highly negatively charged due to the phosphate 

group in the nucleotides, while the charge on the HIV-RT was nearly neutral 

because the pi of HIV-RT is at approximately pH 8 (17). When HIV-RT bound 

with the negatively charged DNA aptamers at pH 8-9, the complex formed was 

larger and its charge-to-mass ratio was lower than that of the unbound aptamer. 

This resulted in the protein-aptamer complex migrating first leaving the excess 

unbound aptamer behind. From the CE-LIF analysis of two incubation solutions, 

one containing 10 nM aptamer and 1 nM HIV-RT, and the other containing 120 
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nM aptamer and 30 nM HIV-RT, the first peaks at 3-3.5 min are due to the 

migration of the protein-aptamer complexes, and the peaks at 4-5 min represented 

the migration of the unbound aptamer. Therefore, the protein-aptamer complex (3-

3.5 min) and the unbound aptamer (4-5 min) were well separated and detected by 

CE-LIF. To ensure that the protein-bound and free aptamers are collected 

separately for subsequent analysis, collection intervals of fractions were 

determined at 0-2, 2-2.5, 2.5-3, 3-3.5, 3.5-4, and 4-5 min. 
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Figure 4.4. Electropherograms showing separation of the protein-aptamer 

complex from the unbound aptamer. Peak 1 corresponds to protein-aptamer 

complex and peak 2 corresponds to the unbound fluorescent aptamer. 
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4.3.3 Detection of HIV- RT by affinity aptamer amplification assay 

To analyze trace levels of HIV-RT protein in a sample, the sample was 

incubated with aptamer RT 26 (0.1 nM), and an aliquot (10 nL) of the incubation 

solution was subjected to CE separation. Fractions at 0-2, 2-2.5, 2.5-3, 3-3.5, 3.5-

4, and 4-5 min were collected. Each fraction was subjected to PCR amplification 

and gel electrophoresis analysis. Figure 4.5 shows the gel electrophoresis of the 

PCR products of the collected CE fractions from the analysis of HIV-RT (Figure 

4.5a) and control (Figure 4.5b). The fractions collected before 3 min did not 

contain any aptamer or protein-aptamer complex. In the fraction at t=3-3.5 min, a 

strong band corresponding to the amplified aptamer is present in the sample but 

not in the control. This represented the protein-aptamer complex only. The 

fraction at t=3.5-4 min contained a mixture of the protein-aptamer complex and 

the unbound aptamer. The fraction at t=4-5 min contained the excess amount of 

the unbound aptamer (0.1 nM). As expected, the unbound aptamer was present in 

both the sample and the control. Both the negative (-ve) and positive (+ve) 

controls of the aptamer showed the expected results. The band at 40 base pairs (bp; 

primer dimer) served as a marker along with the DNA-ladder marker (the far left 

lane, 10 bp DNA ladder with 100 bp band 2-3 times darker than other bands). The 

CE migration behavior of the protein-aptamer complex and the unbound aptamer, 

as shown from the collected fractions, was consistent with that observed 

previously with CE separation and LIF detection of the fluorescently labeled 

aptamer and its complexes. 
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Figure 4.5. Gel electrophoresis of the PCR products of the collected CE 

fractions from the analysis of HIV-RT (a) and control (b). The sample 

solution contained 0.1 nM RT 26 and 150 fM HIV-RT; blank solution contained 

0.1nMRT26. 
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To achieve reproducible detection of trace levels of proteins, each 

component of the experiments has been optimized, including the aptamer affinity 

complex formation (aptamer concentrations and incubation conditions), CE 

separation and fraction collection, and PCR amplification. Varying concentrations 

of aptamer RT26 (10"3, 10"2, 0.1, and 0.5 nM) were initially tested and the 

concentration of 0.1 nM was chosen because it was sufficient to bind with low 

levels of protein and its unbound fraction was readily separated from its protein 

complex by CE. The optimum incubation conditions are incubation of the aptamer 

(0.1 nM) with the sample in TBE (60 uL) buffer solution on ice for 5 min. An 

aliquot of approximately 10 nL was injected into CE for analysis. Reproducibility 

was assessed through repeated analysis of HTV-RT (150 fM) in five consecutive 

experiments. Under the optimum conditions, consistent results were obtained 

from the five replicate analyses of HIV-1 RT (150 fM). 

4.3.4 Detection limit and calibration 

Detection limit of the affinity aptamer amplification assay for HIV-RT was 

determined by analyzing the sample containing the lowest amount of HIV-RT that 

was able to yield a visible band corresponding to the protein-aptamer complex. 

Figure 4.6 shows the representative PCR products from the CE analysis of an 

approximate 10 nL (10~8 L) aliquot, which contained HIV-RT (3><10"I4M) and 

aptamer RT26 (10"10 M). A band from the aptamer bound to the HIV-RT is also 

clearly visible here, but is absent in the control. The products resulted from 

approximately 3><10"22 mole (or 180 molecules) of HIV-RT protein. Among these 

180 molecules, 16 of them were bound with the aptamer RT26. The ability to 
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detect as few as 180 protein molecules represents a major technological advance 

that will be particularly useful for proteomics research and medical diagnostics. 

In the equilibrium-mixture solution that contained HIV-RT (3><10~14 M) and 

aptamer RT26 (10"10M), the concentration of the aptamer complex of HIV-RT 

was approximately 3xl0"15M (based on a Kd value of 1 nM). With an injection 

volume of 10"8 L, approximately 18 molecules (3><10"23 mole) of the protein-

aptamer complex were injected into the electrophoretic capillary. Taking into 

account the possible loss of the protein-aptamer complex owing to dissociation 

and adsorption, the number of the protein-aptamer complex molecules collected 

could be fewer than 18. 

Although quantitation of HIV-RT by the affinity aptamer amplification 

assay is limited because of the general PCR technique used that is unable to 

provide accurate quantitation information for aptamer detection, the calibration 

curve for HIV-RT was constructed by analysis of a series of solutions containing 

0.1 nM RT26 and various concentrations of HIV-RT (Figure 4.7). When the 

concentration of the aptamer (10"10 M) was not in large excess over that of the 

protein (1.5xl0"n M), two complexes corresponding to 1:1 (2.5-3 min) and 1:2 (3-

3.5 min) stoichiometries were observed (Figure 4.7 b). When the aptamer was in 

large excess over the protein (Figure 4.7c, d and e), which is the case for the 

detection of ultratrace proteins, a single complex was detected, corresponding to 

the binding of a protein to two aptamer molecules (1:2). The calibration curve was 

plotted by using intensity of complex bands as the function of concentration of 

HIV-RT. A calibration curve (r2=0.98) was obtained with trace levels of HIV- RT 
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Figure 4.6. PCR and gel electrophoresis of fractions collected from the CE 

analysis of an approximately 10 nL mixture that contained aptamer (0.1 nM) 

and either protein (30 fM; 3x'10"14 M) or blank 
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Figure 4.7. PCR and gel electrophoresis of fractions collected from CE 

analysis of mixtures containing 0.1 nM aptamer and varying concentrations 

of HIV-RT protein (1.5x10"", 1.5xl0"12,1.5xl0"13, and 3xl0"14 M) or blank 
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4.3.5 Specificity of the assay for detection of HIV-RT 

To determine the specificity of the method, parallel experiments were 

conducted with human IgG and RNase H reverse transcriptase in place of HIV-RT 

(Figure 4.8 and Figure 4.9). No extra band corresponding to the protein-aptamer 

complex was observed in the sample compared to the results of the blank. The 

results showed that these proteins did not bind to the specific aptamer for HIV-RT 

or interfere with the detection of the target HIV-RT. 

To determine that the detected PCR product was the expected aptamer, the 

PCR product was sequenced that was amplified from the collected protein-

aptamer complex. Duplicate sequencing from both the forward and reverse primer 

directions confirmed that the sequence of the middle 35 nucleotides of the PCR 

product (excluding the two primer sequences) was identical to that of the aptamer. 

To further demonstrate the specificity of the assay, a control experiment was 

performed using a DNA molecule that was the same size as the aptamer. The 

DNA molecule had the same primer binding sites for PCR but had a scrambled 

sequence in the middle. This non-specific oligonucleotide (0.1 nM) was incubated 

with HIV-RT protein (1.5><10"12 M) and the mixture was subjected to CE 

separation. Analysis of the PCR products from the collected CE fractions showed 

the absence of a protein-DNA complex (Figure 4.10). This is compared with the 

strong signals observed when the specific aptamer was used under the same 

conditions (Figure 4.5a). These results further support the validity of the affinity 

aptamer for the analysis of specific proteins. 
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Figure 4.8. Control experiments show the absence of the protein-aptamer 

complex when human IgG was substituted for HIV-RT. (a) PCR and gel 

electrophoresis analysis of fractions collected from the CE analysis of a mixture 

that contained RT 26 (0.1 nM) and human IgG (10 nM), and (b) parallel control 

that did not contain human IgG. 
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Figure 4.9. Control experiments show the absence of the protein-aptamer 

complex when RNase H reverse transcriptase was substituted for HIV-RT. (a) 

PCR and gel electrophoresis analysis of fractions collected from the CE analysis 

of a mixture that contained RT 26 (0.1 nM) and RNase H reverse transcriptase (10 

nM), and (b) parallel control that did not contain RNase H reverse transcriptase. 
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Figure 4.10. Control experiments show the absence of the protein-aptamer 

complex when a non-specific DNA oligonucelotide was substituted for the 

specific aptamer. (a) PCR and gel electrophoresis analysis of fractions collected 

from the CE analysis of a mixture that contained non-specific DNA 

oligonucelotides (0.1 nM) and HIV-RT protein (1.5 pM), and (b) parallel control 

that did not contain the HIV-RT protein. 
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4.4 Conclusions 

An affinity aptamer amplification assay was developed. Through PCR 

amplification of the aptamer dissociated from the protein-aptamer complex, the 

assay enables ultrasensitive detection of the protein. As few as 180 HIV-RT 

molecules were detected by this assay. This sensitivity represents an improvement 

of several orders of magnitude greater than that of other available methods of 

protein detection. 

The previously reported immuno-PCR assay and nanoparticle-based 

barcode technique require the use of specific antibodies for the targeting of 

proteins and thus are limited by the availability and specificity of the antibodies. 

The proximity-dependent DNA-ligation assay requires the ligation of two 

proximal probes that bind to a target protein in order to give rise to an amplifiable 

DNA sequence; thus it is useful mainly for the detection of targets that have two 

proximal binding probes. The affinity aptamer amplification assay described 

herein requires only a single aptamer for each target molecule of interest, and the 

CE separation provides additional specificity. It is possible to scale this assay 

through the separation of multiple protein-aptamer complexes in a single capillary. 

The affinity aptamer amplification assay can also be multiplexed by using CE 

systems with multiple capillaries, such as those used for genome sequencing (18), 

to further improve the throughput of multiple-target analysis. 

Potential applications of the affinity aptamer amplification assay include 

detection of low-abundance proteins for proteomics research and medical 

diagnostics, studies of molecular interactions, and biosensing. Aptamers for a 

129 



wide variety of molecular targets can be selected from a random nucleic acid 

library of 1013"15 different sequences (19-21). Therefore, the principle of the 

aptamer-affinity PCR technique is not limited to the detection of proteins, and it 

can be applied to the analysis of any other molecular targets that can bind to 

aptamers. 
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Chapter Five 

Multiple Protein Detection by the Affinity Aptamer 

Amplification Assay 

5.1 Introduction 

Having established the affinity aptamer amplification assay for detection 

of HTV-RT (1), it was proposed to further develop this technique as a generalized 

approach for multiple protein detection. Separation using a typical free zone CE is 

based on differences in the charge-to-mass ratio of the analytes (2). Because 

charge-to-mass ratios of aptamers are approximately constant, various aptamers 

migrate through the capillary at a similar mobility. The binding of protein to 

aptamer alters the charge-to-mass ratio of the aptamer, resulting in different 

mobilities of the protein-aptamer complexes from unbound aptamers. Since 

aptamers are highly negatively charged, the protein-aptamer complexes generally 

migrate faster than unbound aptamers through the capillary. It is possible to 

determine a boundary between protein-aptamer complexes and the unbound 

aptamers. The fractions before the boundary are collected, which contain only 

protein-aptamer complexes, but not unbound aptamers. Then the bound aptamers 

in the complexes are released from proteins and subjected to PCR amplification. 

The detection of amplified aptamers represents the detection of the corresponding 

protein targets. Different pairs of primers can be designed to amplify the specific 

aptamers for each of the proteins. Therefore, the multiple protein targets can be 

detected simultaneously. In this study, IgE, HIV-RT, and thrombin were chosen 
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as initial targets to demonstrate the proof of principle. Real-time PCR was used to 

achieve quantitation of the protein-bound aptamers. 

5.2 Experimental 

5.2.1 Reagents 

Human IgE, HIV-RT, and thrombin were obtained from Athens Research 

& Technology (Athens, GA), Worthington Biochemical (Lakewood, NJ), and 

Haematologic Technologies (Essex Junction, VT), respectively. Aptamers for 

human IgE, HIV-RT, and thrombin were synthesized, and purified by Integrated 

DNA Technologies (Corarlville, IA). The 6'-FAM label was directly attached to 

the 5' end of aptamers, and fluorescently labeled aptamers were purified by 

reversed-phase HPLC. Table 5.1 lists the sequences of aptamers and their 

corresponding primers. The lOxTG was obtained from Bio-Rad Laboratories 

(Mississauga, ON). The lx TG buffer (25 mM Tris and 192 mM glycine, pH 8.3) 

was diluted with deionized water from lOxTG. All other reagents were 

commercially available analytical grade. 
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Table 5.1. Sequences of aptamers and their corresponding primers 

Proteins 

IgE 

HIV-RT 

Thrombin 

Corresponding aptamers (5'— 3') 

AGGGGCACGTTTATCCGTCCCTCC 
TAGTGGCGTGCCCCTGTCTGACTG 
TCTCG 

ATCCGCCTGATTAGCGATACTTAC 
GTGAGCGTGCTGTCCCCTAAAGG 
TGATACGTCACTTGAGCAAAATCA 
CCTGCAGGGG 

CAGTCCGTGGTAGGGCAGGTTGG 
GGTGACTTCGTGGAA 

Primers (5'— 3') 

CGTTTATCCGTCCCTC 

CGAGACAGTCAGAC 
AG 

CCGCCTGATTAGCGA 
TACTT 

TGCAGGTGATTTTGC 
TCAAG 

GTGGTAGGGCAGGTT 

CCACGAAGTCACCC 

5.2.2 Capillary electrophoresis with laser-induced fluorescence detection 

A laboratory-built CE-LIF system was used in this work (3-5). The 

schematic of the CE-LIF system was shown in chapter 2, Figure 2.2. Uncoated 

fused-silica capillaries (50 urn inner diameter, 150 um outer diameter, 50 cm in 

length; Polymicro Technologies, Phoenix, AZ) were used for CE separation. 

Electrophoresis was carried out at room temperature with a voltage of 15 kV (300 

V/cm) using lxTG buffer solution as the running buffer. Samples were 

electrokinetically injected into the capillary at a voltage of 15 kV for 5 s. 

Following each CE run, the capillary was washed sequentially with 1 xTG buffer 

solution (10 min), water (5 min) and 1*TG buffer solution (10 min). All CE data 

were analyzed using Igor Pro software (version 4.04, WaveMetrics, Lake Oswego, 

OR). 
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5.2.3 Formation of complexes 

In order to place aptamers in their desired conformation, the 1 uM 

aptamer stock solution in 10 mM Tris-HCl (7.4) + 1 mM MgCb was treated first 

by heating to 80 °C for 5 min followed by cooling slowly to room temperature. 

The sample incubation buffer was 10 mM Tris-HCl (7.4) containing 1 mM MgCl2 

and 0.05% BSA. To form complexes, the appropriate volumes of protein stock 

solutions were mixed with 5 \iL aptamer solution containing 5 nM of each 

aptamer and 50 nM of fluorescein. Incubation buffer was then used to make the 

final incubation solution 50 uL. Fluorescein was added to the mixture and was 

used as an indicator to determine fraction collection intervals. Before injection, 

sample solutions were incubated at room temperature for 20 min. 

5.2.4 Fraction collection 

Fractions from the outlet of the capillary were collected into separate 200 

jxL microcentrifuge vials, each containing 10 uL 1 xTG buffer. Between fractions, 

the CE voltage was temporarily stopped to allow changes of new vials for 

collection of the subsequent fractions. The fraction collection intervals were 

determined based on the electropherogram from the initial analysis of an 

incubation solution by CE-LIF. This incubation solution contained 20 nM of each 

protein and 100 nM of their corresponding aptamers. Fluorescein (10 nM) was 

used to indicate the boundary between complexes and unbound aptamers. To help 

establish the time interval for the fraction collection, on-column fluorescence 

detection by LIF was first used to monitor the migration of protein-aptamer 

complexes, fluorescein, and unbound aptamers with a detection window at 43 cm 
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of capillary from inlet. Under the free zone CE conditions used in this study, 

fluorescein migrated between the protein-aptamer complexes and the unbound 

aptamers. Therefore, fluorescein was added to the sample and it was monitored by 

LIF to guide the fraction collection for the analysis of trace amount of proteins. 

Even though the concentration of the protein-aptamer complex was too low to be 

detectable by LIF, monitoring of fluorecein by LIF provided a reference to ensure 

that only the fraction before the appearance of fluorescein was collected 

accounting for the protein-aptamer complexes. 

5.2.5 Real-time PCR amplification 

An aliquot (2 uL) of each fraction was then transferred into three real-time 

PCR reaction tubes (Applied Biosystems, Foster City, CA). After the addition of 

the reagents for amplification, the final 20 uL reaction solution contained 0.25 

uM of each primer (forward and reverse) corresponding to their amplified 

aptamers, ROX reference dye, and 10 uL SYBR GreenER qPCR Supermix 

Universal (Invitrogen, Burlington, ON). The reactions were then transferred into a 

real-time PCR instrument (ABI 7500 Fast Real-Time PCR System). The PCR 

program consisted of 50 °C for 2 min, 95 °C for 10 min followed by 50 cycles of 

95 °C for 15 s, 53 °C for 30 s, and 60 °C for 30 s. 

5.2.6 Preparation of cell lysate 

1.5 mL of medium containing approximately 2xl06 Vero 76 monkey 

kidney cells was spun at 10,000 g for 3 min. After being washed three times with 

cold lx PBS, the pellet was resuspended in 250 uL ice-cold lysis buffer 

containing 50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% NP-40, 
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0.1% SDS, and 0.5 mM PMSF. The lysate was spun at 15,000g for 10 min at 4 °C. 

The supernatant was carefully transferred into another tube and diluted 10-fold 

with incubation buffer. When not analyzed immediately, the cell lysate was stored 

at4°C. 

5.3 Results and Discussion 

The success of the affinity aptamer amplification assay for multiple 

proteins depends on three main processes: tunable aptamer CE for separation of 

protein-aptamer complexes from the unbound aptamers; efficient collection of 

fractions containing only the protein-aptamer complexes; and real-time PCR 

amplification and fluorescent detection of the collected protein-bound aptamers. 

Each of these steps were carefully evaluated and optimized to achieve the best 

detection limit and minimum background interference. 

5.3.1 Design of aptamers and primers for real-time PCR 

In the affinity aptamer amplification assay, aptamers play two important 

roles: to specifically bind to their target proteins, and to serve as the templates for 

subsequent PCR amplification. To design suitable primers for real-time PCR, 

some aptamers used for multiple protein analysis need to be extended. However, 

the length of aptamers has a direct effect on the separation of protein-aptamer 

complexes from unbound aptamers (6). The binding of longer aptamers to 

proteins yields smaller differences in the electrophoretic mobility between the 

protein-aptamer complexes and the unbound aptamers. To achieve a satisfactory 

separation of protein-aptamer complexes from the unbound aptamers, long 

aptamers were avoided. However, the use of short aptamers makes it difficult to 
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adopt a fluorescent reporter probe (e.g. Taqman). Consequently, SYBR green, a 

DNA binding dye, which intercalates to all double-stranded DNA was employed 

in real-time PCR. 

When using the DNA binding dye to measure the amount of PCR product 

at each cycle, the accuracy of real-time PCR is readily affected by non-specific 

PCR products, such as primer dimers. To examine the specificity of the primers 

designed for amplification of their aptamers, three conventional PCR experiments 

were conducted to amplify each aptamer in the presence of the other two aptamers. 

Figure 5.1 shows the results from analysis of PCR products using polyacrylamide 

gel electrophoresis. Except for the bands corresponding to the amplified aptamers, 

no other bands from non-specific PCR products were observed. Therefore, these 

designed primers are specific for each of the aptamers. They can be used to 

amplify the corresponding aptamers in a mixture without interference from each 

other. 
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10 bp 
DNA 

Thrombin aptamer IgE aptamer HIV-RT 

Figure 5.1. PCR and gel electrophoresis of aptamers for thrombin, IgE, 

and HIV-RT. Triplicate 5 uL 1 xTG solutions containing 200 aptamer molecules 

were amplified for 50 cycles by conventional PCR for each aptamer. A lObp DNA 

ladder with an 100 bp band brighter than other bands was used to indicate the 

length of amplified aptamers. They were 30 nt (for thrombin), 46nt (for IgE), and 

75nt (for HIV-RT). 
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5.3.2 Optimization of real-time PCR conditions 

Having demonstrated the specificity of PCR amplification for three 

aptamers, the real-time PCR conditions were optimized further for quantitation of 

these aptamers. The optimum conditions for the best signal-to-background were 

summarized in section 5.2.5. To determine the sensitivity of real-time PCR for the 

detection of three aptamers, a series of diluted solutions containing varying 

concentrations of aptamers were analyzed. The results are shown in Figure 5.2. A 

detection limit, defined as the concentration corresponding to a signal three times 

standard deviation of the background, was lxlO"17 M obtained for all three 

aptamers. This detection limit represents the ability of optimized real time PCR to 

detect as few as 6 aptamer molecules in 1 uL. Calibrations were linear for the 

determination of IgE binding aptamer (r2 = 0.996), HrV-RT binding aptamer (r2 = 

0.991), and thrombin binding aptamer (r2 = 0.992). A linear dynamic range of 4 

orders of magnitude (1><10"17M to 1 xiO"HM) was obtained for all three aptamers. 

Therefore, the optimized real-time PCR offered the high sensitivity needed for the 

subsequent development of protein detection by using the affinity aptamer 

amplification assay. 
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Figure 5.2. Detection of IgE, HIV-RT, and thrombin binding aptamers by 

real-time PCR. A series of diluted solutions of 2 uL each containing 12, 36, 120, 

360, 1200, 3600, 12000, 36000, and 120000 molecules of each aptamers were 

amplified and detected by real-time PCR. CT is threshold cycle. Standard 

deviation: 0.24 -0.86. 
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5.3.3 Fraction collection and real time PCR amplification 

To determine the time intervals for fraction collection, the separation of 

the protein-aptamer complexes from unbound aptamers was initially studied by 

analysis of an incubation solution containing aptamers and proteins at a 

concentration that could be detected by CE-LIF. Figure 5.3 shows the 

electropherograms of this analysis. Three aptamers migrated through the capillary 

at a similar mobility, thereby presenting a single unbound aptamer peak (peak 4), 

while three corresponding protein-aptamer complexes migrated through the 

capillary faster than unbound aptamers, producing the complex peaks with shorter 

migration times (peaks 1-3). All protein-aptamer complexes were well resolved 

from unbound aptamers. Because fluorescein presented a peak between the 

unbound aptamers and the protein-aptamer complexes, it was used as an indicator 

(peak IS) for determination of the boundary between aptamers and complexes. 

One molecule of HIV-RT is capable of binding to two aptamer molecules, 

so two complexes with one or two aptamers were observed in the 

electropherogram (peaks 2 and 2'). Although the peak from the complex of HIV-

RT with two aptamers overlapped with the peak from the thrombin-aptamer 

complex, this does not present a problem for their quantification, as discussed 

later. The use of specific primers for amplification of each aptamers enables the 

discrimination of the different aptamer-protein complexes. For this reason, the 

various protein-aptamer complexes do not need to be separated from one another. 

A critical requirement is to separate the unbound aptamers from all the protein-

aptamer complexes. This is a unique advantage of the affinity aptamer 
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amplification assay for multiple protein analysis. Unlike tunable aptamer CE, the 

capability of the affinity aptamer amplification assay for multiple protein analysis 

is not limited by the separation ability of CE. 
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Figure 5.3. Electropherograms showing separation of the protein-aptamer 

complexes from the unbound aptamers by CE. Aptamers were fluorescently 

labeled and detected by LIF. Electropherogram A corresponds to analysis of the 

solution containing 20 nM IgE, HIV-RT, thrombin, and 100 nM each of their 

aptamers. Electropherogram B corresponds to analysis of the solution containing 

100 nM each of three aptamers. Peak 1 is the complex of IgE and aptamer; peak 2 

is the complex of HIV-RT with a single aptamer molecule; peak 2 is the complex 

of HIV-RT with two aptamer molecules; peak 3 is the complex of the thrombin 

and aptamer; and peak 4 is due to the unbound aptamers. Fluorescein (10 nM) was 

used as internal standard (IS). 

144 



In order to achieve the best detection limit for multiple protein analysis, 

the fraction designated as the protein-aptamer complexes should have no or 

minimum unbound aptamers. Any interfusion of unbound aptamers into the 

fraction of the protein-aptamer complexes could lead to an increase in the 

background, thereby affecting the detection limit of the assay. Two parameters, 

the resolution of complexes from unbound aptamers and the peak shape and width 

of the aptamers, are critical to reproducible collection of the protein-aptamer 

complex fraction. A narrow zone of the unbound aptamers and the efficient 

resolution of the protein-aptamer complexes from unbound aptamer zone would 

facilitate the collection of the fraction containing only protein-aptamer complexes. 

Although the electropherogram from CE-LIF indicated that the interval between 

the end of the last complex peak and the beginning of the unbound aptamer peak 

was approximately one minute (Figure 5.3), this interval might be smaller if 

sample matrix affects the separation. In addition, because real-time PCR has a 

much higher sensitivity for detection of aptamers, trace amounts of the unbound 

aptamers would give high background even if they are not detectable by LIF. 

Fortunately, the protein-aptamer complexes migrate faster than the unbound 

aptamers. Therefore, in principle, the collection of the protein-aptamer complex 

fraction would have little contamination from the unbound aptamers. However, 

diffusions of the unbound aptamer toward the protein-aptamer complex zone 

would affect the integrity of collecting only the protein-aptamer complexes. 

Therefore, it is necessary to reduce diffusion of aptamers by minimizing the 

separation time and the initial concentration of the unbound aptamers. Using 
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aptamer for IgE as an example, the aptamer collected at the various migration 

time intervals was determined using real-time PCR detection. The initial solutions 

containing 0.1, 0.5, 2.5, or 5 nM aptamer for IgE were separated by CE, and the 

fractions were collected at 0-2, 2-3, 3-4, 4-5, 5-5.5, 5.5-6, and 6-9 min. Each 

fraction was subjected to real-time PCR amplification and detection. The results 

are shown in Figure 5.4. Although the profiles are similar when different 

concentrations of the aptamer were used, the amount of the aptamer that was 

diffused into the 4-5 min fraction interval increases with the initial concentration 

of the aptamer. The diffused aptamer into the 4-5 min fraction would represent 

background for measuring the protein-aptamer complexes. The lowest 

background resulted from the aptamer concentration of 0.1 nM. However 0.5 nM 

aptamer was chosen as a compromise for the relatively lower background and a 

sufficient concentration to favor the formation of protein-aptamer complexes. 

Building on the optimization of time intervals for fraction collection and 

the concentration of aptamers, the affinity aptamer amplification assay was 

applied to analysis of 1 pM IgE, HIV-RT, and thrombin in a solution. The 

concentration of aptamers was 0.5 nM, both in the sample solution and the blank. 

The results are shown in Figure 5.5. Except for that at 4-5min fraction, there is no 

obvious difference in the number of aptamer molecules between fractions of the 

sample and blank at each time interval. The increase of number of aptamer 

molecules for the fraction at 4-5min represents the presence of protein-aptamer 

complexes in this fraction. The CE migration behavior of protein-aptamer 

complexes and unbound aptamers is consistent regardless whether LIF (Figure 
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5.3) or real- time PCR (Figure 5.5) is used for detection. These results 

demonstrate that the three proteins at 1 pM concentration can be successfully 

detected in a single analysis by the affinity aptamer amplification assay. 

147 



t/3 

3 
o 

S 

& 

o 

3 
£ 

5.0E+06 

4.0E+06 

3.0E+06 

2.0E+06 A 

1.0E+06 

0.0E+00 B , E3 

0-2 2-3 3-4 4-5 5-5.5 5.5-6 6-9 

600.0 

400.0 

200.0 

0.0 

0-2 2-3 3-4 4-5 5-5.5 5.5-6 6-9 

Time interval of fraction (min) 

•O.lnM 

•0.5nM 

-2.5nM 

•5nM 

•O.lnM 

•0.5nM 

•2.5nM 

•5nM 

Figure 5.4. Results of real-time PCR analysis of CE fractions collected 

from CE separation of 0.1-5nM aptamer for IgE. Analyzed solutions contained 

0.1 nM, 0.5 nM, 2.5 nM, and 5 nM aptamer for IgE. The number of aptamer 

molecules in each fraction was calculated from a standard calibration curve 

generated from real-time PCR analysis of diluted aptamer solutions. 
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Figure 5.5. Detection of IgE, HIV-RT, and thrombin by the affinity 

aptamer amplification assay. A is the results of detection of 1 pM IgE; B is the 

results of detection of 1 pM HIV-RT; and C is the results of detection of 1 pM 

thrombin. The right-hand figures are expanded regions from the figures shown on 

the left. 
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5.3.4 Quantitation of proteins 

Based on the results of the fraction collection optimization, only three time 

intervals, 0-3, 3-tb, and tt,-9min, were used for the fraction collection in the 

subsequent experiments of quantitation of proteins. The migration time of internal 

standard fluorescein (tt>) was used as an indicator of the boundary between the 

protein-aptamer complexes and the unbound aptamers. Two major reasons 

contributed to the decision for collection of only three fractions from each 

separation. Firstly, the decrease of collected fraction numbers reduces the 

separation and collection time. When changing collection vials, the 

electrophoretic voltage is stopped, and diffusion between the analyte zones inside 

the capillary may take place. By reducing the number of fractions and the number 

of stopping times, the diffusion is reduced. Secondly, the smaller fraction number 

simplifies the fraction collection and real-time PCR procedures. 

Although results from both CE-LIF (Figure 5.3) and the CE/real-time 

PCR (Figure 5.5) have established the appropriate time interval (4-5min) for the 

collection of the protein-aptamer complex, further quality control was built in to 

ensure the consistent and reproducible collection of fractions. Fluorescein was 

added to the sample as an internal standard and it was detected by on-column LIF. 

This interval marker helps to identify any variation in the migration time between 

separations. If the migration time changes, the collection interval could be 

adjusted accordingly. The collection of the fraction containing the protein-

aptamer complexes was terminated when fluorescein was detected migrating 

through the on-column detection window of the capillary. 
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The three fractions of each separation play different roles in analysis. The 

first fraction was used to determine any residue of unbound aptamers carried over 

from the previous separation. The results of analysis could be accepted only if the 

the background from the first fraction was similar to that of the negative control 

after real-time PCR analysis. The second fraction which contained protein-

aptamer complexes was used to determine the amount of proteins in the solutions. 

The real-time PCR results of the third fraction could provide the information on 

reproducibility of the experiment (e.g. injection and incubation) because this 

fraction contains the unbound aptamers. 

After the optimization of the CE separation and fraction collection, the 

assay was applied to the analysis of solutions containing varying concentrations of 

IgE, HIV-RT, and thrombin and their corresponding aptamers. A linear dynamic 

range of three orders of magnitude was obtained for all three proteins (Figure 5.6). 

The detection limits of 5xl0~13 M, lxlO"13 M, and lxlO'13 M, defined as the 

concentration equivalent to three times the standard deviation of background level, 

were obtained for the analysis of IgE, HIV-RT, and thrombin, respectively. 
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Figure 5.6. Determination of IgE, HIV-RT, and thrombin using affinity CE 

followed by real-time PCR. The sample solutions contain various concentrations 

of the three proteins and 0.5 nM each of three aptamers. ACt is Ct of blank minus 

Q of each sample. 
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5.3.5 Selectivity of assay 

To determine the selectivity of the assay for IgE, HIV-RT, and thrombin, 

experiments were carried out with some possible interfering proteins in place of 

IgE, HIV-RT, and thrombin. Experiments were performed in which 0.5 nM of 

three aptamers were incubated with either 1 pM of IgE, HIV-RT and thrombin or 

10 nM of interfering proteins, including BSA, human serum albumin (HSA), IgG, 

myoglobin and transferrin. The results are shown in Figure 5.7. AC values of the 

interfering proteins are negligible when compared to those of IgE, HIV-RT, and 

thrombin, which suggested that these proteins, present at 10,000-fold excess over 

that of the target proteins, did not bind to the specific aptamers for IgE, HIV-RT, 

and thrombin, and did not interfere with the detection of the three target proteins. 

The ability of the method to detect three target proteins in complex sample 

matrix was further demonstrated by spiking them in the monkey kidney cell lysate. 

Figure 5.8 shows the results of analyses of cell lysate samples spiked with 

varying concentrations of IgE, HIV-RT, and thrombin. The experiments for 

analyses of three proteins in the complex sample matrix presented similar 

dynamic ranges and detection limits to those in which proteins were analyzed in 

the incubation buffer (Figure 5.6). 
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Figure 5.7. Selectivity of the assay for analysis of IgE, HIV-RT, and 

thrombin. Samples contained 0.5 nM of three aptamers and either 1 pM IgE, 

HIV-RT, and thrombin, or 10 nM BSA, HSA, IgG, myoglobin, and transferrin. 

Each sample was analyzed by affinity CE followed by real-time PCR. 
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Figure 5.8. Determination of IgE, HIV-RT, and thrombin in cell lysate. 

Cell lysate samples contained various concentrations of IgE, HIV-RT, thrombin 

and 0.5 nM each of three aptamers. 

5.4 Conclusions 

The affinity aptamer amplification assay is able to quantify multiple target 

proteins in a single CE operation. The method takes advantage of the powerful 

separation ability of CE and the extreme sensitivity of PCR for nucleic acid 
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detection. Aptamer complexes with IgE, HIV-RT, and thrombin were well 

resolved from unbound aptamers. The fractions containing only complexes were 

collected and subjected to subsequent real-time PCR. Simultaneous 

determination of fM levels of three target proteins has been achieved, which 

represents an improvement of three orders of magnitude greater than other 

available aptamer-based methods involving CE (4, 6, 7-11). The substitution of 

conventional PCR with real-time PCR offered the affinity aptamer amplification 

assay with higher precision in quantitation and wider dynamic range. 

In the multiplexed affinity aptamer amplification assay, aptamers serve 

both as affinity molecules for target protein recognition and as the templates for 

real-time PCR. Because the binding of specific aptamers encodes proteins with 

different nucleotide sequences, specific primers could be designed to associate 

with each individual protein, enabling the simultaneous detection of multiple 

proteins. Therefore, the key to achieve multiple protein analysis is to separate the 

protein-aptamer complexes from the unbound aptamers. The separation of 

protein-aptamer complexes from each other is not required. The advantage of not 

having to separate the individual protein-aptamer complexes from one another 

renders the method with great potential for multiple analysis capability. It is 

anticipated that the number of protein targets could be further expanded as long as 

stable protein-aptamer complexes could be formed and separated from their 

unbound aptamers. 
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Chapter Six 

Binding-Induced Hairpin Assay and Its Application to 

Protein Analysis 

6.1 Introduction 

Nucleotides carrying hairpin structures have been found naturally present 

in cells. Studies have suggested hairpin structures may play an important 

regulatory role in gene expression and cellular metabolism (1, 2). In addition, 

DNA hairpins exhibit many advantages as hybridization probes. The 

thermodynamic studies have demonstrated that DNA hairpin probes show 

significantly higher specificity than the corresponding linear probes (3, 4). DNA 

hairpin probes can generally distinguish targets that are different from one another 

by as little as a single nucleotide substitution. The enhanced specificity is due to 

their constrained secondary structures. Molecular beacons are hairpin-shaped 

DNA molecules possessing a fluorophore at the end of one stem arm and a 

quencher at the end of the other arm (5-7). In the absence of targets, stem places 

the fluorophore and the quencher in close proximity so that the fluorophore is 

unable to fluoresce, and the molecular beacons are dark. When they encounter the 

target nucleic acids, the hybridization of molecular beacons to their targets 

detaches the hybrid formed by the arm sequences, thereby causing the fluorophore 

and quencher to come apart from each other. As a result, the fluorescence is 

restored and used as a signal for the detection of specific nucleic acids. DNA 
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hairpins have been widely applied to detection, amplification, and manipulation of 

nucleic acids (8-10). However, the potential of hairpin structures has seldom been 

explored for other macromolecule analysis because of lack of similar hairpin 

structure changes produced by hybridization. 

Utilizing the unique properties of hairpin structures, this chapter describes 

a new principle for construction of probes that can be used for analysis of proteins 

and other macromolecules in homogeneous solutions (Figure 6.1). Techniques 

involving hairpin structures, such as molecular beacons, usually start with probes 

possessing hairpin structures and end with conformation change of hairpin 

structures upon hybridization of target nucleic acids. In contrast, the probes in this 

study were designed to be present free in the absence of targets, and to form 

hairpin structures only upon binding to target molecules. A pair of probes, Probe-F 

and Probe-R, were prepared through the conjugation of oligonucleotides (oligos) 

to affinity ligands. These probes were designed in such a way that when the 

affinity ligands bind to the target molecule, the oligos provide the complementary 

stem sequences at their free ends (step 1). In the absence of targets, the probes 

are present separately. The length of stem sequences is designed to be short 

enough so that the free oligos are unable to hybridize together under the 

temperature of the analysis. When both probes bind to a single target molecule, 

the target molecule serves as a connector, bringing the two probes into a single 

complex molecule (step 2). The stem sequences of the oligos in the single 

complex molecule then hybridize with each other, forming a hairpin structure. 

Because this hairpin structure is induced upon the binding of probes to the target 
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protein, it is termed as binding-induced hairpin. Unlike the traditional nucleotide 

hairpins, the binding-induced hairpin is a complex structure. The hairpin loop 

consists of the target molecule, the two affinity ligands, and the conjugated 

nucleotide sequences on the affinity ligands. The hybrid of the two free ends of 

the oligos forms the hairpin stem. The free end of probe-F was extended by an 

additional nucleotide sequence, forming another nucleotide hairpin structure at its 

end (step 3). The stem places two ends close to each other, both complementary 

to the other arm, allowing the ends to be joined by enzymatic DNA ligation (step 

4). The occurrence of enzymatic DNA ligation corresponds to the binding of 

target molecules and formation of binding-induced hairpin structures, whereas the 

free ends of unbound probes stay separate. Therefore, the detection of targets can 

be carried out by detection of ligation-produced oligo in homogeneous solutions. 

Methods for detection of nucleic acids, such as real-time PCR, could be employed 

to provide the detection with ultrasensitivity. 
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Figure 6.1. Principle of binding-induced hairpin assay. (1). A pair of probes, 

Probe-F and Probe-R, are designed with stem sequence at their free ends. A pair 

of nucleotides, Block-F and Block-R, are used to block the free ends of probes, 

reducing background hybridization of probes. (2) In the presence of target 

molecules, both probes bind to a single target molecule, placing the two probes 

into a single complex molecule. (3) The free ends of probes hybridize with each 

other, inducing a hairpin structure. (4) The formation of the hairpin structure 

assembles the free ends of Probe-R and Probe-F that contain another hairpin at its 

free end. The enzymatic DNA ligation results in a specific, amplifiable DNA 

sequence. 
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6.2 Experimental 

6.2.1 Reagents 

PDGF-AA, PDGF-AB, PDGF-BB, and biotinylated polyclonal anti-

prostate specific antigen (PSA) antibody were obtained from R&D System 

(Minneapolis, MN). Streptavidin, PSA, BSA, goat serum, and biotin were 

obtained from Sigma-Aldrich (Oakville, ON). SYBR GreenER qPCR Supermix 

Universal was obtained from Invitrogen Canada (Burlington, ON). PDGF-BB 

binding aptamer (5'-/Biotin/TTTTTTTTTTTACTCAGGGCACTGCAAGCAATT 

GTGGTCCCAATGGGCTGAGTAT-3') was synthesized by Integrated DNA 

Technologies (Corarville, LA). It was labeled at the 5' end with a biotin group and 

purified by reversed-phase HPLC. Table 6.1 lists the oligos used in this study. 

These oligos are all synthesized, labeled, and purified by Integrated DNA 

Technologies. The oligo of Probe-F was attached with a biotin group at the 5' end, 

and oligos of Probe-R were labeled with a phosphate group at the 5' end and a 

biotin group at the 3' end. The stem sequences are underlined in the oligos of 

Probe-F and Probe-R. The stem sequence of the oligo of Probe-R5, 6, 7, and 8 

contains 5, 6, 7, and 8 complementary bases, respectively. Block-R6 was used in 

the assay when probe-R was constructed from oligos of Probe-R6, while Block-

R7 was used when Probe-R was constructed from oligos of Probe-R7. Underlined 

sequences of Block-F and R are complementary to the corresponding sequences 

of the oligos of Probe-F and R, respectively. The 1 x Phosphate buffered saline 

(PBS) (137 mM NaCl, 10 mM phosphate, 2.7 mM KC1, pH 7.4) was diluted with 

deionized water from lOxPBS buffer (from Fisher Scientific, Nepean, ON). All 
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other reagents were commercially available analytical grade. 

6.2.1 Preparation of binding-induced hairpin probes 

Since the 5' end of oligos of Probe-F and and 3' end of oligos of Probe-R 

were labeled with biotin, oligos of Probe-F and Probe-R were directly used as 

probes (Strep-Probe-F and Strep-Probe-R) for streptavidin analysis. Probes named 

as PDGF-Probe-F or PDFG-Probe-R for PDGF-BB analysis were prepared by 

incorporation of the oligos of Probe-F or Probe-R into the biotinylated aptamer 

through streptavidin biotin interaction. 100 uL 200 nM oligo of Probe-F or R and 

100 uL 200 nM streptavidin, diluted in lxPBS, were first mixed and incubated at 

37 °C for 1 h. 100 uL the above solution was then added to 100 uL 100 nM 

biotinylated aptamer diluted in lxPBS. The mixture was incubated at 37 °C for 

another 1 h forming PDGF-Probe F or R. The PDGF-Probe F or R solution was 

then diluted to 10 nM in lxPBS buffer containing 1% BSA and 10 mM biotin, 

and stored at 4°C. The preparation of probes (PSA-Probe-F and PSA-Probe-R) for 

analysis of PSA was a similar process to that of probes for analysis of PDGF-BB, 

except that the solutions were incubated at room temperature for 1 h instead of at 

37 °C, and biotinylated polyclonal anti-PSA antibody (R&D System) replaced the 

biotinylated aptamer. 
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Table 6.1. Summary of oligonucleotides (oligos) used in this study 

Oligos 

Oligo of Probe-F 

01igoofProbe-R5 

Oligo of Probe-R6 

Oligo of Probe-R7 

Oligo of Probe-R8 

Block-F-1 

Block-F-2 

Block-F-3 

Block-F-4 

Block-F-5 

Block-R6-l 

Block-R6-2 

Block-R6-3 

Block-R6-4 

Block-R7-l 

Block-R7-2 

Block-R7-3 

Block-R7-4 

Sequences (5'—• 3 ' ) 

ACTGTGTCTCGTCGTTGGTGTTTTGTTTTGTTTTAG 

GCTGGTCGCTTTGTTTTGCGAC 

CAGCCCTTTGTTTGTTTTGTTTTTTTTGATGGAGCA 

GGTGTCAGATC 

CAGCCTTTTTGTTTGTTTTGTTTTTTTTGATGGAGC 

AGGTGTCAGATC 

CAGCCTATTTTGTTTGTTTTGTTTTTTTTGATGGAG 

CAGGTGTCAGATC 

CAGCCTAATTTTGTTTGTTTTGTTTTTTTTGATGGA 

GCAGGTGTCAGATC 

TTTGCCTAAAATTT 

TTTGCCTAAAACTTT 

TTTGCCTAAAACATTT 

TTTGCCTAAAACAATTT 

TTTGCCTAAAACAAATTT 

TTTAAAGGCTGTTT 

TTTAAAAGGCTGTTT 

TTTAAAAAGGCTGTTT 

TTTCAAAAAGGCTGTTT 

TTTAATAGGCTGTTT 

TTTAAATAGGCTGTTT 

TTTAAAATAGGCTGTTT 

TTTCAAAATAGGCTGTTT 
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6.2.2 Analysis of streptavidin, PDGF-BB, and PSA 

The procedures for analysis of three proteins are similar and are thereby 

described together. Unless otherwise indicated, a 50 |iL 1><PBS (with 1 mM 

MgCl2 for PDGF-BB) solution, containing 100 pM Probe-F and Probe-R, 100 nM 

Block-F and Block-R, and desired amount of proteins, was incubated at 37 °C for 

30 min and then at room temperature for another 10 min. An aliquot (2 uL) of the 

above solution was then transferred into a real-time PCR reaction tube (Applied 

Biosystems (ABI), Foster City, CA). After addition of the reagents for ligation and 

amplification, the final 20 uL reaction solution contained 100 uM ATP, 0.4 Unit 

T4 DNA ligase (Invitrogen), 0.1 uM primers (forward and reverse), ROX 

reference dye, and 10 uL SYBR GreenER qPCR Supermix Universal (Invitrogen, 

Burlington, ON). After 10 min ligation reaction at room temperature, the reaction 

vials were transferred into a real-time PCR instrument (ABI 7500 Fast Real-Time 

PCR System). The PCR program consisted of 50 °C for 2 min, 95 °C for 6 min, 

followed by 50 cycles of 95 °C for 15 s, 60 °C for 60 s. 

6.2.3 Cell lysate and serum sample preparation 

1.5 mL of medium containing approximately 2*106 Vero 76 monkey 

kidney cells was spun at 10,000 g for 3min. After being washed three times with 

cold lx PBS, the pellet was resuspended in 250 |xL ice-cold lysis buffer 

containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% NP-40, 

0.1% SDS and 0.5mM PMSF. The lysate were spun at 15,000g for 10 min at 4 °C. 

The supernatant was carefully transferred into another tube and diluted two-fold 

by lx PBS containing 2 mM MgCb. When not analyzed immediately, the cell 
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lysate was stored at 4 °C. 

The frozen serum was thawed in a water bath at 30 °C, and then kept on 

ice. Prior to analysis, 0.5 mL serum was centrifuged at 10,000 rpm for 10 min to 

remove solid particles. The appropriate volumes of PSA stock solutions were 

mixed with 2.0 uL serum to obtain the desired concentration, and 1><PBS was then 

used to produce a final volume of 50 uL. 

6.3 Results 

6.3.1 Design and construction of binding-induced hairpin probes 

A pair of probes, Probe-F and Probe-R, were constructed in this 

experiment. Both probes were ligand-DNA conjugates. Ligands in probes can be 

small or macromolecules that are able to bind to the single target molecule. The 

ligands used in this study included biotin for detection of streptavidin, aptamers 

for PDGF-BB, and antibodies for PSA. 

Oligos were conjugated to the ligands by different approaches. The 5' end 

of oligos was attached to ligands in Probe-F, while the 3' end of oligos was 

attached to ligands for Probe-R. In the first example of detecting streptavidin, 

biotin was covalently linked to the ends of oligos. In the case of detecting PSA, 

antibody for PSA was first biotinylated, and then the biotionylated oligos were 

conjugated to the antibody by using streptavidin as a connector. Likewise, in the 

experiments of detecting PDGF, the aptamer for PDGF was first biotinylated, and 

then the biotionylated oligos were conjugated to the aptamer by using streptavidin 

as a connector. Although aptamers can be extended directly with additional oligo 

bases, the approach using biotin-streptavidin chemistry offers two advantages. 
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The streptavidin not only works as a connector, it also serves as a spacer that 

could potentially reduce the effect of extended oligos on the favorable secondary 

conformation of the aptamer. The use of two shorter oligos makes their synthesis 

easier than having to preparing for a longer oligo. 

The oligo in Probe-F was designed to possess a hairpin structure at its free 

end. This hairpin structure was created with strong stability, providing one side of 

the strand for subsequent DNA ligation. A piece of stem sequence was placed next 

to the hairpin structure. This sequence was used to hybridize the other stem 

sequence at the free end of the oligo in Probe-R when the binding-induced hairpin 

was induced by the binding to the target molecule. In order to facilitate the DNA 

ligation, a phosphate group was attached to the free end of the oligo in Probe-R. 

The principle of using binding-induced hairpin assay for protein analysis 

may be expressed in the following equations. Equation 1 describes the process of 

inducing a hairpin structure through the binding of two probes to the target 

molecule: 

Probe-F + Probe-R + T 44 Probe-F-T-Probe-ROJ5gJ3 <=* Probe-F-T-Probe-R.c;M8 

(1) 

Where T is the target molecule; Probe-F-T"Probe-RopeMis the complex of Probe-F, 

Probe-R, and target in the form of random coil; Probe-F-T-PTobe-Rclosg is the 

complex of Probe-F, Probe-R, and target in the form of hairpin structure; and 

i^and K2 are equilibrium constants. 

In the absence of target, Probe-F may also hybridize to Probe-R, producing 

background. 
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Probe-F + Probe-R <=> Probe-F-Probe-R (2) 

Where Probe-F-Probe-R is the background (target-independent) hybrid of Probe-

F and Probe-R. 

While Probe-F-T-Probe-Rc iose is the desired complex that yields the subsequent 

signal for target detection, Probe-F-Probe-R produces background interfering 

with the detection. The signal to background ratio of the method can be expressed 

as follows: 

Signal/ _[Probe-F-T-probe-Rd n sJ _ K ^ j T ] 

/Background [Probe-F-Probe-Rj iT3
 { } 

The value of Ki is mainly dependent on the binding affinity of probes to the 

targets. The probes with higher binding affinity lead to higher sensitivity of 

analysis. K2 and K3 depend mainly upon the length and G-C content of the stem 

sequence for forming hairpin stems. Therefore, we can rationally design the stem 

sequence to produce the best signal to background ratio. 

The initial concentrations of Probe-F and-R affect the value of [T], thereby 

producing an impact on the sensitivity of the method. In this study, we optimized 

the above parameters to achieve highly sensitive detection. To improve the 

sensitivity further, we applied the blocking oligonucletides to reduce the 

background (target independent) hybridization between Probe-F and Probe-R. 

One pair of blocking oligonucleotides Block-F and Block-R were designed to be 

complementary to part or whole of the stem sequence in Probe-F and Probe-R. 

6.3.2 Analysis of streptavidin 

To demonstrate the proof of principle, we chose the streptavidin as the 
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initial target protein because of its extraordinarily strong affinity for biotin (Kj = 

10"15 M). The use of biotin-DNA conjugates as probes provided one of the 

strongest known non-covalent interactions, simplifying the impact of the binding 

affinity of probes on the sensitivity of the method. Therefore, we could focus on 

optimizing other important parameters, such as the length and G-C content of the 

stem sequence, the concentration of probes, the length of blocking 

oligonucleotides, and the ligation time. 

The length and G-C content of the stem sequence were designed to 

achieve the largest K2/K3 value. That is, to obtain the highest sensitivity, the 

probes used should produce the lowest level of background hybridization on the 

basis of yielding enough percentage of probe target complex in hairpin structure. 

The ATm, the difference in melting temperature between the hairpin structure and 

the hybrid formed from separate probes, is an important reference parameter in 

design of the arm sequence for the binding-induced hairpin. We used 

Oligoanalyzer 3.1 from IDT to estimate the Tm of hairpins with a loop containing 

100-140 thymidines and the corresponding hybrids from separate nucleotides, and 

obtained a 5-base sequence as the starting stem sequence. Four pairs of probes 

containing this 5-stem base or 1-3 additional A-T base pairs were used for 

analysis of 10"13 M streptavidin. The results are shown in Figure 6.2. In order to 

easily compare the results under different conditions, the ACt was applied as the 

cycle threshold with the largest value subtracting the value of the cycle threshold 

at each point. Therefore, the AAQ between sample and blank is the signal 

intensity of the analysis. The background or independent hybridization was 
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increased with the increase of number of complementary bases. The probes with 

six complementary bases resulted in the largest differences between the sample 

and the blank when analyzed by real-time PCR. The use of the probe sequence Fl 

and R6 (Table 6.1) to construct Strep-Probe-Fl and Strep-Probe-R6 probes 

resulted in best sensitivity for streptavidin analysis. 

Using Strep-Probe-Fl and Strep-Probe-R6 as probes, a pair of blocking 

oligonucleotides was applied to further decrease the background produced by 

independent hybridization in solution. Block-R hybridized the part containing the 

whole arm sequence at the free end of Probe R, whereas Block-F, hybridizing the 

Probe F, was designed to cover the sequence containing the arm sequence with 

two bases left at the 3' end to avoid the occurrence of hybridization between 

Block R and F. Figure 6.3 shows the analysis of 10"13M streptavidin using pairs 

of blocking oligoncleotides with different numbers of complementary bases. The 

longer blocking oligonucleotide led to lower background. The pair of Block-F-4 

and Block-R6-4 resulted in the largest differences in threshold cycles between the 

sample and the blank. 
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Sample 
Blank 

F1+R5 F1+R6 F1+R7 F1+R8 

Pairs of probes 

Figure 6.2. Effect of the length and G-C content of stem sequence on signal 

and background in hairpin-induced hairpin assay. Fl represents Strep-Probe-

Fl. R5, R6, R7, and R correspond to Strep-Probe-R5, R6, R7, and R8. The 

sequences of Fl, R5, F6, R7, and R8 are shown in Table 6.1. Standard deviation: 

0.23-0.71. 

171 



Sample 
Blank 

B l B2 B3 B4 

Pairs of blocking nucleotides 

Figure 6.3. Effect of the length of blocking oligonucleotides on signal and 

background in hairpin-induced hairpin assay. Bl represents the use of Block-

F-l and Block R6-1. B2 represents the use of Block-F-2 and Block R6-2. B3 

represents the use of Block-F-3 and Block R6-3. B4 represents the use of Block-

F-4 and Block R6-4. The sequences of these blocking oligos are shown in Table 

6.1. Standard deviation: 0.28 -0.62. 

We also examined the impact of probe concentration and ligation time on 

analysis of streptavidin (10"13M). Various concentrations of Strep-Probe-Fl and 

Strep-Probe-R6 probes from 1 pM to 500 pM were used. Although the 

background increased consistently with increase of probe concentrations, the 

increase in signal was higher until the probe concentrations reached 100 pM 

(Figure 6.4). 
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The impact of the ligation time was studied by analysis of samples at fixed 

amount of streptavidin (10",3M) or blank with various ligation times from 5 min to 

30 min (Figure 6.5). The longer time allowed more products of ligation, 

increasing the background. But the ligation time did not show much affect on the 

detection of streptavidin. The ligation time of 10 min was chosen for analysis of 

streptavidin. 

After optimization of the above parameters, we applied the principle to 

analysis of solutions containing varying concentrations of streptavidin (5><10"17M 

to 1 x 10"9 M) (Figure 6.6). A linear dynamic range of over 5 orders of magnitude 

(5xlO" ,7Mto lx 10"nM) was obtained, and the method was able to distinguish 

the solutions containing protein levels at 2-fold difference. The value of AACt 

started decreasing from lxlO"10 M, because there were not enough probes to 

provide at least two molecules to bind to each streptavidin molecule when the 

solution contained streptavidin in excess of 1 x 10"' ° M. A detection limit of 3 x 10" 

17M, defined as the concentration equivalent to three times the standard deviation 

of the background level, was reproducibly obtained for homogeneous analysis of 

streptavidin. This detection limit represents the ability of the method to detect as 

few as 20 molecules in 1 uL. 
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Sample 
Blank 

lpM 5pM 20pM lOOpM 250pM 500pM 

Concentration of probes 

Figure 6.4. Effect of the concentration of probes on signal and background 

in hairpin-induced hairpin assay. Standard deviation: 0.19 -0.78. 

•Sample 
•Blank 
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| 

o 4 
5min lOmin 20min 30min 

Ligation time 

Figure 6.5. Effect of the ligation time on signal and background in hairpin-

induced hairpin assay. Standard deviation: 0.31 -0.64. 
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Figure 6.6. Analysis of streptavidin by binding-induced hairpin assay 

6.3.3 Analysis of PDGF-BB by using aptamer as probe 

Building on the success of the detection of streptavidin with extreme 

sensitivity, we expanded the principle to analysis of PDGF-BB by using aptamers 

as affinity ligands. Aptamers are short oligonucleotides that are capable of 

recognizing various molecular targets with high affinity and specificity (11, 12). A 

pair of probes was prepared by linking the above probe for streptavidin analysis 

with the biotinylated aptamer using the streptavidin as the intermediate molecule. 

Since the conjugated oligonucleotides were the same as those in the analysis of 
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streptavidin, we focused on the performance of probes with six or seven stem 

bases in the presence of various pairs of blocking oligoncleotides. The results are 

shown in Figure 6.7. The impact of blocking oligonucleotides led to similar 

trends in analysis of PDGF-BB by using probes with six or seven stem bases. 

However, the probes with six stem bases provided best sensitivity when the pair 

of blocking oligonucleotides, Block-F3 and Block-R6-3, was used. We optimized 

the initial concentration of probes for analysis of PDGF-BB, and found the probes 

at 100 pM resulted in the largest AACt (Figure 6.8). 

The method was demonstrated to be able to detect 5x 10" 16M PDGF-BB. A 

linear dynamic range of over 4 orders of magnitude (1 * 10"'5 M to 1 x 10"" M) was 

achieved (Figure 6.9a). To demonstrate the applicability of the method for 

biological samples, the PDGF-BB spiked into mammalian cell lysate was 

analyzed. A similar calibration curve was obtained compared to results from the 

analysis of PDGF-BB in incubation buffer (Figure 6.9b). 

While PDGF-BB was detected with high sensitivity, other PDGF isomers 

AA and AB could not be detected because the aptamer binds to the B chain of 

PDGF with high affinity, but not to the A chain of PDGF (13). 
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Sample 

Blank 

Bl B2 B3 B4 

Sample 
Blank 

0 Bl B2 B3 B4 

Pairs of blocking nucleotides 

Figure 6.7. Effect of the length of blocking oligonucleotides on the analysis 

of PDGF-BB by using probes with 6 stem bases (a) or 7 stem bases (b). In (a), 

Bl, B2, B3, and B4 represent Block-F-land Block R6-1, Block-F-2 and Block 

R6-2, Block-F-3 and Block R6-3, and Block-F-4 and Block R6-4, respectively. In 

(b), Bl, B2, B3, and B4 represent Block-F-land Block R7-1, Block-F-2 and 

Block R7-2, Block-F-3 and Block R7-3, and Block-F-4 and Block R7-4, 

respectively. 0 means no blocking oligonucleotide was used. Sequences of the 

blocking oligos are shown in Table 6.1. Standard deviation: 0.21 -0.59. 
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sample 
Blank 

50 100 250 500 

Concentration of probes (pM) 

Figure 6.8. Effect of the probe concentration on analysis of PDGF-BB. 

Standard deviation: 0.18 -0.52. 
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Figure 6.9. Analysis of PDGF-BB in 1*PBS (a) and cell lysate (b) by 

binding-induced hairpin assay 
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6.3.4 Analysis of PSA 

Antibodies are also able to serve as affinity ligands in the binding-induced 

hairpin ligation assay. To prepare the antibody-based probes for analysis of PSA, 

we attached the streptavidin probes to biotinylated antibodies by using 

streptavidin as a connector. The performance of probes with six or seven stem 

bases was also studied in the presence of various pairs of blocking 

oligonucleotides. While probes with six stem bases produced the best sensitivity 

for detection of both streptavidin and PDGF-BB, the probes with seven stem 

bases led to the better results in analysis of PSA (Figure 6.10). These results 

suggested that larger loop induced in analysis of PSA required a longer stem 

sequence to efficiently form the hairpin structure. Similarly, the concentration of 

probes and ligation time were optimized to obtain the best sensitivity (Figure 

6.11). 

We were able to detect lxlO"16M PSA, which represents the ability of the 

method to detect as low as 60 PSA molecules in 1 uL. A linear dynamic range of 

over 5 orders of magnitude (1><10"15M to lx 10"I0M) was obtained (Figure 6.12a). 

When the method was applied to detect the spiked PSA in diluted goat serum, 

similar sensitivity and dynamic range were achieved (Figure 6.12b). 
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Blank 
amp le 
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Pairs of blocking nucleotides 

B5 

Figure 6.10. Effect of the length of blocking oligonucleotides on the analysis 

of PSA by using probes with 6 stem bases (a) or 7 stem bases (b). In (a), Bl, 

B2, B3, and B4 represent Block-F-land Block R6-1, Block-F-2 and Block R6-2, 

Block-F-3 and Block R6-3, and Block-F-4 and Block R6-4. In (b), Bl, B2, B3, B4, 

and B5 represent Block-F-land Block R7-1, Block-F-2 and Block R7-2, Block-F-

3 and Block R7-3, Block-F-4 and Block R7-4, and Block-F5 and Block-R7-4. 0 

means no blocking oligonucleotide was used. Sequences of the blocking oligos 

are shown in Table 6.1. Standard deviation: 0.29 -0.84. 
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Figure 6.11. Effect of the ligation time (a) and probe concentration (b) on 

the analysis of PSA. Standard deviation: 0.16 -0.55. 
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Figure 6.12. Analysis of PSA in lxPBS (a) and goat serum (b) by binding-

induced hairpin assay 
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6.4 Discussion and Conclusions 

The results have demonstrated a new strategy to construct a hairpin 

structure as a result of molecular binding. Hairpin structures could be formed once 

complementary sequences are present in a single nucleotide molecule. In addition 

to the presence of complementary sequences, the binding-induced hairpin 

structures resulted in the integration of separate probes with the target protein into 

a single complex molecule. Therefore, the formation of binding-induced hairpin 

structures enables the analysis of proteins in homogeneous solution. The 

adaptation of the DNA ligation technique converted the formation of hairpin 

structures into the synthesis of a new oligonucleotide, which allowed us to detect 

the target protein using the technique for nucleic acid detection, real-time PCR. 

The method possesses similar potential sensitivity to the detection of nucleic acids. 

Three proteins were detected with a sensitivity of about 103- to 105-fold higher 

than the general pM detection limit of ELISA. The sensitivity of the method is 

comparable to another ligation assay involving real-time PCR (14, 15). Because 

the occurrence of binding-induced hairpin structures also requires the two probes 

to bind to a single target molecule simultaneously, the method has similar 

specificity to other sandwich format assays. The applicability of the method was 

demonstrated by analysis of proteins in cell lysate or serum. 

Various ligands could be employed to create the probes, depending on the 

target and the availability of ligands. In order to achieve better sensitivity, ligands 

with higher affinity are preferred, because these ligands allow a larger portion of 
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the target molecules involved into the hairpin structure. The nucleotides in probes 

should be long enough to allow the hybridization of the stem sequence. The length 

of nucleotides could be optimized by experiments. The nucleotides used in probes 

having 77 bases total in the loop were capable of analysis of three protein targets 

by using various types of ligands. The stem sequences in probes play a crucial 

role in the determination of the sensitivity of analysis. The length and G-C content 

of the stem sequences could be determined by a combination of theoretical 

estimation and experimentation. After optimization, the stem sequences need only 

minor adjustments for various assays. Because of the longer complementary 

sequence of blocking nucleotides and their higher concentrations present in 

solution, the blocking oligonucleotides could effectively reduce the independent 

background hybridization of free probes, thereby eliminating the interference of 

background. 

The detection schemes for the binding-induced hairpin structure are not 

limited to the ligation assay used in this study. Many fluorescence techniques 

could be employed to monitor the hairpin formation. A pair of fluorophores or 

quantum dots could be attached to the free ends of probes; therefore, the 

formation of the hairpin structure would be amenable for FRET. The stem 

formation of hairpin structure could also be detected by double-stranded DNA 

dyes, such as SYBR green. 

In addition to protein detection, the binding-induced hairpin assay should 

enable the detection of various macromolecule targets, such as lipids, 
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polysaccharides, or whole cells. The events that allow two probes to be brought 

together in a single complex molecule, such as the interaction of two 

biomolecules, also could be monitored by binding-induced hairpin. Furthermore, 

after simple modifications, the binding-induced hairpin assay should also be 

suitable for the detection of macromolecules within living cells. 
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Chapter Seven 

Conclusions and Synthesis 

7.1 Introduction 

Proteins are essential components of organisms and are involved in a wide 

range of biological functions (1, 2). The occurrences of various cancers and 

diseases may involve altered protein expression and distribution (3-5). The 

detection of certain proteins could potentially serve as diagnostic tests for specific 

diseases (6-8). The early detection of a disease can significantly facilitate its 

ultimate control and treatment (9, 10). Therefore, there is substantial interest in 

the detection of proteins at ultra-low levels, because numerous important 

biological markers for cancer, infectious diseases, or biochemical processes are 

present at very low levels during the early stages of disease development (11, 12). 

Moreover, a few molecules of a particular protein are sufficient to trigger a 

disease or to affect the biological functions of cells. Methods with extreme 

sensitivity and high specificity are therefore required. 

Tremendous advances have been achieved in the development of protein 

detection technologies, such as ELISA, protein microarray, immunosensors and 

mass spectrometry-based technologies (14-18). Although some of these methods 

have provided improved sensitivity, most of them are only able to detect abundant 

proteins. 

Recent advances in nucleic acid amplification technologies and 

nanotechnologies have greatly contributed to the development of ultrasensitive 

189 



technologies for protein detection (19). The amplification of oligonucleotides 

conjugated to the affinity probes indirectly improves the sensitivity of protein 

detection by increasing the number of detection molecules. The employment of 

nano/micro materials conjugated to affinity probes enhances the measurement 

signals by using the unique electrical, optical, and catalytic properties of these 

novel materials. However, most of these methods are generally useful for 

detection of an individual or several proteins. 

Detection of specific proteins at ultra-low levels is still particularly 

challenging. While nucleic acids can be amplified by PCR to improve the 

sensitivity, there is no comparable technique to chemically amplify proteins. 

Furthermore, a myriad of proteins are present in cells, and their abundances range 

by more than 106-fold (12, 13). Therefore, the determination of specific proteins 

at ultralow levels is usually challenged by the presence of a huge excess of other 

more abundant molecules. 

This investigation was focused on the development of novel bioanalytical 

techniques enabling the detection of proteins with extreme sensitivity, and high 

specificity and throughput. The key results and a synthesis of the experimental 

findings are summarized below. 

7.2 Advancement in Knowledge 

7.2.1 Chapter 2: Developing tunable aptamer capillary electrophoresis and 

demonstrating its application to multiple protein analysis 

An aptamer-based CE method termed tunable aptamer CE was developed 

for multiple protein analysis. The key concept is tuning the electrophoretic 
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mobility of proteins with DNA aptamers to achieve efficient separation of 

multiple proteins. The unique properties of aptamers impart them with the ability 

to serve as effective charge modulators, modifying the electrophoretic mobility of 

specific proteins. In free-zone CE, aptamers migrate through the capillary at a 

similar mobility. The single peak produced by various aptamers leaves more space 

for protein separation. Aptamers are highly negatively charged, and each 

nucleotide carries near -1 charge under the pH conditions typically used for CE 

separation. In contrast, the size of a nucleotide is much smaller than that of a 

protein. The binding of an aptamer to a protein produces a strong impact on the 

mass-to-charge ratio of the protein. Moreover aptamers could also be easily 

designed to desired lengths. As a result, the electrophoretic mobility of specific 

proteins could be rationally controlled by binding to aptamers of varying 

nucleotide length. In addition to the adaptation of aptamers as charge modulators, 

another important benefit of aptamer binding to the proteins is the incorporation 

of fluorescent aptamers as probes to enable laser induced fluorescence (LIF) 

detection of the proteins that are otherwise not amenable to high sensitivity LIF 

detection. The simultaneous determination of pM levels of IgE, HIV-RT, thrombin, 

and PDGF-BB was achieved in a single CE analysis. 

7.2.2 Chapter 3: Demonstrating the ability of the tunable aptamer 

capillary electrophoresis to separate and detect protein isomers 

The tunable aptamer CE was demonstrated for the differentiation and 

detection of PDGF-AB and PDGF-BB isomers. Using an aptamer that binds to the 

B chain but not the A chain of PDGF, it was able to tweak the electrophoretic 
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mobilities of the PDGF isomers for their separation. PDGF-AB bound to a single 

aptamer was well resolved from PDGF-BB bound to two aptamer molecules. 

Simultaneous determination of 50 pM of two isomers was accomplished in a 

single analysis. PDGF-AB has been found to be able to serve as a connector, 

bringing receptor a and fluorescent aptamer into a single complex molecule. As a 

result, the formation of a receptor a-PDGF-AB-aptamer complex enabled the 

detection of the receptor a in a noncompetitive affinity assay. In comparison, a 

competitive assay has been developed for the determination of receptor p. The 

assay takes advantage of the variation of the PDGF-BB aptamer complex 

formation upon the competition between the receptor P and fluorescent aptamer in 

binding to the PDGF-BB. Detection limits were 0.5 nM for PDGF receptor a and 

5 nM for receptor p. Determination of PDGF isomers and their receptors in 

diluted serum samples showed no interference from the sample matrix. 

7.2.3 Chapter 4: Developing affinity aptamer amplification assay and 

demonstrating its application to ultrasensitive detection of HIV-RT 

A new approach for the detection of minute amounts of proteins was 

developed, termed the affinity aptamer amplification assay. It is based on the 

integration of affinity aptamer recognition, CE separation, and PCR amplification. 

The aptamer was first introduced to bind to the target protein, forming protein-

aptamer complex. The protein-aptamer complex was then separated from the 

unbound aptamer by CE. Fractions were collected at 30 s intervals and each 

fraction was subjected to PCR analysis. Amplification of the protein-bound 

aptamer by PCR dramatically improved the sensitivity of the analysis of the 
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corresponding target protein. This method was applied to the determination of 

trace amounts of HIV-RT, and was able to detect 30 fM of HIV-RT in a 10 nL 

sample, representing approximately 180 molecules of the protein. The method 

exhibited high specificity for the target protein, due to the specific recognition of 

the aptamer and the CE separation. 

7.2.4 Chapter 5: Expanding the affinity aptamer amplification assay as a 

generalized approach for multiple protein detection 

The affinity aptamer amplification assay was further expanded as a 

generalized approach for multiple protein detection. Its capability for multiple 

protein analysis is attributed to the powerful separation ability of CE and the 

unique specificity of PCR amplification. The typical free-zone CE allows various 

aptamers to migrate through the capillary at a similar mobility, but protein-

aptamer complexes migrate faster than aptamers. Therefore, it is possible to find a 

boundary of the migration time for the fraction collection. The fractions collected 

before the boundary contained only protein-aptamer complexes, and not unbound 

aptamers. The detection of proteins is achieved by the amplification of aptamers 

dissociated from complexes using pairs of primers that are designed specifically 

for the corresponding aptamers. Simultaneous determination of fM levels of IgE, 

HIV-RT and thrombin was achieved in a single analysis. The separation between 

the individual protein-aptamer complexes is not required. The method has great 

potential for analysis of other proteins. 

7.2.5 Chapter 6: Developing the binding-induced hairpin assay and 

demonstrating its application to ultrasensitive detection of streptavidin, 
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PDGF-BB, and PSA 

A new strategy for the construction of probes was developed for the 

determination of trace amounts of proteins or other macromolecules in 

homogeneous solutions. A pair of probes was created through the conjugation of 

oligos to affinity ligands. While affinity ligands are able to bind to target proteins, 

oligos contain the complementary stem sequences at their free ends. In the 

absence of target, the probes are present separately because the stem sequences 

are designed to be so short that hybrids of oligos are unable to exit at the 

temperature of the analysis. When a pair of probes encounters a target molecule, 

the binding of the pair of probes brings the two probes into a single complex 

molecule. The stem sequences of oligos in the single complex molecule are 

brought into close proximity. The subsequent hybridization of stem sequences 

allows the formation of a hairpin structure. Because this hairpin structure is 

induced upon the binding of probes to the target protein, it is termed as binding-

induced hairpin. The formation of binding-induced hairpin structures enables the 

analysis of proteins in homogeneous solution. The adaptation of the DNA ligation 

technique converted the formation of hairpin structures into the synthesis of a new 

oligonucleotide, allowing the detection of the target protein by using the technique 

for nucleic acid detection, such as real-time PCR. The assay offered the similar 

potential sensitivity to the detection of nucleic acids. Three proteins were detected 

with a sensitivity of about 103-to 105- fold higher than the general pM detection 

limitofELISA. 
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7.3 Conclusions 

Three novel bioanalytical techniques for the determination of trace 

amounts of proteins have been developed in this investigation. In addition to the 

use of affinity ligands (aptamers and antibodies) as recognizing molecules for 

target proteins, other unique properties of aptamers and antibodies were explored 

in the development of these techniques, including serving as templates of PCR 

amplification in the affinity aptamer amplification assay, working as charge 

modulators in the tunable aptamer amplification assay, and providing loop and 

stem sequences of the hairpin construction in the binding-induced hairpin assay. 

The application of these techniques to the ultrasensitive protein detection, 

multiple protein detection, and protein isomer detection was demonstrated. The 

results of this investigation provide exciting approaches with many potential 

applications, such as detection of low abundance proteins for proteomics research 

and medical diagnostics, studies of molecular interactions, biosensing, 

environmental analysis, and drug discovery. 

7.4 Future Research 

Building on the success of the development of three novel approaches for 

ultrasensitive protein analysis, further research needs to be conducted to improve 

the applicability and practicability of the methods. Regarding the affinity apatmer 

amplification assay, the methods could be applied to analysis of more target 

proteins or other molecular targets. If aptamer complexes of other 

macromolecular targets, such as lipids and polysaccharides, could be separated 
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from unbound aptames by CE, the detection of these targets could be achieved. 

Furthermore, the ability of the method to perform multiple protein detection could 

be further demonstrated by simultaneous analysis of more target proteins in a 

single analysis. The differentiation and detection of protein isomers or of a family 

of proteins are always challenging. Therefore, it is very interesting and useful to 

explore further the ability of tunable aptamer CE to separate protein isomers or 

family proteins, if more aptamers are selected to bind to protein isomers or 

proteins in a family. The binding-induced hairpin assay was only initially 

developed in this investigation. A lot of work is required to further improve and 

expand this exciting technique. The measurement of the formation of binding-

induced hairpins is not limited to enzyme-based ligation and PCR amplification. 

Many fluorescence techniques could be easily employed to monitor the hairpin 

formation, such as FRET, and double-stranded DNA binding dyes. Likewise, in 

addition to the protein detection, the binding-induced hairpin assay enables the 

detection of various macromolecule targets, such as lipids, polysaccharides, or 

whole cells. Furthermore, the principle can be applied to the study of the 

interaction of two biomolecules, and the detection of molecular targets within 

living cells. 
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