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Abstract 
 
 

Detection of biomarkers is important in understanding the mechanisms underlying a disease 

and developing therapeutics for treatment and cure. Although there are several sensitive and 

specific analytical techniques revolving around complex instrumentation and labor-intensive 

workflows for biomolecular detection, there is a demand to develop more simpler and sensitive 

techniques which are easy to use, even with less technical skill and knowledge. In this dissertation, 

we present our contributions towards developing simpler assays for biomarker sensing leveraging 

DNA-based proximity assays. A key contribution of this work is the demonstration that increased 

probe flexibility can result in better assay performance in several platforms. In chapter 1 of this 

dissertation, we discuss the basic principles of using DNA strands for biomolecule analysis, where 

focus is directed towards fluorescence and electrochemical detection platforms. 

In chapter 2 we present our attempts at developing a proximity-based assay for protein 

sensing using a green fluorescent protein (GFP) mimicking RNA aptamer, broccoli. The broccoli 

aptamer was split into two strands and fused to target sensing units, where spontaneous binding to 

protein of interest was expected to fuse the split RNA and form the fluorophore binding pocket. 

The change in fluorescence was monitored through thermofluorimetric analysis (TFA).   

In chapter 3, we introduce new applications of TFA, where (1) we leveraged this technique 

to develop a DNA-based proximity assay for antibody detection. We also demonstrate the 

importance of conformational flexibility of DNA probes for enhanced assay performance. To 

promote hybridization of short DNA strands, ssDNA segments of the designed system were 

substituted with polyethylene glycol (PEG) linkers, which led to improved assay performance. 

This simple, mix-and-read assay was shown to function in 90 % human plasma. (2) We used this 
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improved system to study the valency effects of antibody oligonucleotide (AbO) conjugates using 

TFA, where we were able to clearly distinguish monovalent and multivalent AbOs.  

Chapter 4 presents an electrochemical detection platform for antibody sensing. We adopted 

the flexible PEG-linker based system in chapter 3 above and combined it with the previously 

developed electrochemical proximity assay (ECPA) to achieve improved limits of detection 

compared to the developed TFA-based assay. We have demonstrated that careful positioning of 

PEG linkers in the signaling DNA strands improved antibody-dependent signal increase by 4-fold 

compared to the system without PEG modifications. Furthermore, the developed antibody sensor 

promoted tethered diffusion of two methylene blue molecules upon antibody addition, which also 

contributed to improved signal and detection limit. The assay was functional in 90 % human serum, 

in the presence of increased ionic strength, which aided in counteracting electric double layer 

effects and improved shielding effect of the DNA backbone, leading to efficient hybridization. 

In chapter 5, we introduce our efforts in adopting electrochemical sensors developed for 

2D gold-on-glass planar electrodes to gold microelectrodes. In this work we mainly focus on 

optimizing experimental design and conditions to achieve improved electrochemical sensing of 

biomolecules leveraging the DNA nanostructure introduced by our group. 

Chapter 6 provides concluding remarks of the work detailed in this dissertation, including 

future improvements for projects mentioned. 
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Chapter 1  
 

Introduction 

 

1.1 The importance of biomarker detection 
 

The study of biomolecules supports the understanding of complex metabolic processes in 

the body, disease recognition/ treatment, drug discovery and aids in environmental and food 

analysis1. The detection of biomarkers covers a plethora of targets ranging from ions such as 

sodium, potassium, and calcium to large molecules or particles such as proteins and viruses/ 

bacteria 2. The Kelley group classified clinically important target analytes into three catergories 

namely, small molecule analytes (eg. metabolites, amino acids, neurotransmitters, and vitamins), 

protein analytes (eg. cardiac, hepatic, tumor, inflammatory, and other protein markers), and nucleic 

acid analytes (eg. bacterial, viral nucleic acids and miRNA)2. Crucial biomarkers are sometimes 

present in extremely low (pico to femto molar) concentrations. Thus, there is a need for highly 

sensitive and specific detection platforms 3, 4. Biomolecules such as proteins have been identified 

and sometimes quantified through mass spectrometric (MS) techniques. In a nutshell, MS-based 

protein quantification involves trypsin digestion of proteins to their respective peptides, which are 

then ionized. The resulting intensities of mass to charge ratio (m/z) of the peptide fragmentation 

patterns are then compared with existing protein/ peptide sequence databases for target protein 

identification 5, 6. Despite the sensitivity of MS-based techniques, due to the requirement of large 

and expensive instrumentation, difficulty in absolute quantitation, technical skill and longer 

analysis times, more simpler techniques have been explored7, 8. As such, immunoassays have been 
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a method of choice over several decades, ever since the development of radio-immunoassays, and 

have proved to be highly sensitive 7. 

 

1.2 Sandwich immunoassays 
 
1.2.1 Enzyme linked immunosorbent assay (ELISA) 
 

With the advent of radio-immunoassays in the 1960s, sandwich assays have been widely 

used even to date for specific and sensitive biomarker detection. Although radio-immunoassays 

exhibited better detection limits, the use of radio isotopes as detection labels threatened a bioassay 

in terms of handling and workflow 7 9. As a solution, ELISA was introduced in the 1970s, which 

uses chromogenic labels, rather than radio isotopes, where a change in colour was observed in the 

presence of specific target analyte 9.More modern forms of ELISA utilizes fluorogenic, 

luminescencent (electro or chemical) dyes and DNA-based techniques such as PCR which have 

aided not only in improving the sensitivity of the technique, but also the ability of multiplexing9. 

Since then, for almost three decades, ELISA has been the gold standard for most biomarker 

detection, and has been used to detect targets ranging from proteins, hormones, antigens and 

antibodies 9, 10. 

Figure 1.1 depicts a simple illustration of sandwich ELISA. A typical heterogenous 

sandwich ELISA contains three basic components- two antibodies, specific to the target analyte, 

an enzyme, and its substrate which serves as the detection label. Here, a microwell plate is first 

coated with an antibody (primary or capture antibody), which has high binding specificity towards 

the target analyte (antigen). Due to high target specificity, when the sample is introduced, only the 

analyte is bound in most cases. Any other nonspecific components are removed by a washing step. 

Next, a secondary or detection antibody generally carrying a horseradish peroxidase (HRP) 
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enzyme molecule is added. This also exhibits high binding specificity towards the analyte. This is 

followed by another washing step to remove any unbound secondary antibody. Next, the substrate 

TMB (3, 3’, 5, 5’-tetramethylbenzidine) is added, where necessary time is given for the reaction 

to happen, followed by quenching of the reaction, and measuring signal intensity. This allows us 

to determine the concentration of the specific target. 9-11. 

 

Figure 1.1 An illustration of sandwich ELISA. First a microwell plate is coated with capture 

antibody, followed by the addition of target. After a washing step, the detection antibody is added 

which binds to another antibody nonoverlapping epitope of the target. Finally, substrate is added 

which gives a signal readout. 

 

Sandwich ELISA is more suitable for targets which have two independent binding 

epitopes. Therefore, the use of two antibodies for detection increases the specificity and sensitivity 

of the assay. This can also be used to detect samples with ease in complex samples matrices such 

as blood. Furthermore, different methods of detection can be used with the same primary/ capture 

antibody 10 12. 

However, although this method has its advantages, it also owns certain drawbacks. Due to 

the use of two antibodies, the system can be used only for targets with two nonoverlapping 

epitopes. Also, there is a need to optimize and select the best pair of capture and detection 

antibodies, to get the best specificity and sensitivity. As the method uses a microwell plate (costly), 
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multiplexing and detecting more than one target is limited. Furthermore, each well requires a 

considerable volume of sample (~10 µL at least), which is detrimental for precious samples with 

limited volume. Also, the process requires longer times (~5-8 hrs.), skilled labor to reduce errors, 

and several washing steps to reduce cross reactivity. 

 

1.2.2 Digital ELISA 
 

Although ELISA is successful in detecting as low as pico-molar (pM) range, some 

biomolecules such as early-stage cancer markers, neurological disease markers, and infection 

markers can be found in body fluids at even lower concentrations. Thus, there is a requirement for 

even more sensitive detection methods 13.Walt and coworkers introduced a digital form of ELISA 

known as single molecule arrays (SiMoA). Here, magnetic beads carrying the captured target are 

restricted in ~50 fL microwells. These wells are designed in a way such that they can carry only a 

single fluorogenically labeled bead 13. Figure 1.2 depicts the general principle for SiMoA. As seen 

in Figure 1.2D, the bright areas represent wells where signal is generated by a single enzyme. 

Although most of the wells will have a bead, only a very few of those beads will have enzymes 

with catalytic activity. This is indicative of a single protein molecule bound to the capture antibody 

in the well 13. 
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Figure 1.2 General principle of SiMoA. A) Antibody immobilized beads first capture the analyte, 

similar to conventional ELISA. (B) Beads are loaded to a microwell of fL volume, followed by 

addition of fluorogenic and enzyme substrates. (C) Image of beads captured in microwell. (D) 

Fluorescence of microwell plate is measured. Reprinted with permission from reference 13. 

Copyright 2010, Springer Nature. 

 
The protein concentration is determined by counting the number of wells having a bead 

with a fluorescent signal and correlated with the total number of wells carrying beads. At extremely 

low concentrations of protein, the ratio of beads with an enzyme generating fluorescence signal to 

the total number of beads is less than 1:1, which results in beads with proteins to follow a Poisson 

distribution. Thus, at ultra-low protein concentrations, a single bead would have either a protein 

molecule or none. SiMoA follows a digital approach of determining concentration as opposed to 

an analog format, due to distinguishing a well with an enzymatic bead generating fluorescence as 

an ‘on’ well and a well without an enzyme as ‘off’ 13. Therefore, this method is also known as 

A 

B 

C 

D 
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Digital ELISA.  In this work, the authors detected 0.4 fM of prostrate-specific antigen (PSA) in 

the serum of patients. The better sensitivity of this approach over conventional ELISA is attributed 

to two factors, (A) higher sensitivity of  SiMoA to labeled enzyme and (B) digital detection 

facilitates the low background signals 13. Quanterix Cooperation LLC, MA now sells a complete 

digital analyser for SiMoA which is capable of measuring target molecules in plasma, 

cerebrospinal fluid, uring and cell lysates,14. Although high throughput, multiplexing can be 

achieved with a broad dynamic range and with less technical know-how, the requirement of a 

costly dedicated instrument, hinders its adaptability as an instrument for resource limited and 

point-of-care (POC) or point-of-need (PON) settings. 

 

1.2.3 AlphaLISA 
 

Due to multiple washing steps and narrow dynamic range of sandwich ELISA, it has been 

challenging to expand it to a high throughput automated assay. Thus, evolved from same principle 

of sandwich immunoassay and luminescent oxygen channeling immunoassay (LOCI), AlphaLISA 

was introduced 15-17. This is a much simpler mix-and-read technique. The general assay principle 

is illustrated in Figure 1.3. The assay involves two types of beads, a donor bead that is coated 

with antibodies (attached through streptavidin-biotin conjugation) specific to the target and an 

acceptor bead carrying a second antibody specific to the target. The target is captured by the 

donor bead, which then binds to the acceptor bead. Next, the donor bead, which is a 

photosensitizer, is irradiated by a laser at 680 nm, produces singlet oxygen molecules (1O2) 

resulting in a series of reactions to generate chemiluminescence at 615 nm at the acceptor bead  15, 

17. As this follows a simple homogenous mix-and-read assay format, the handling times of the 

assay and complexity compared to conventional sandwich ELISA is reduced (~2-3 h). The assay 
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also can use as low as 1 µL of sample volume, which helps save the number of samples whose 

initial stock volumes are low, allows room for more automated and miniaturizable detection of 

targets with high sensitivity. Also, due to the amplification by bulk 1O2 and background signal drop 

due to luminescence, AlphaLISA is highly sensitive compared to ELISA. AlphaLISA has been 

able to achieve limits of detection in pM ranges 15-18. 

 

Figure 1.3 Principle of AlphaLISA. Donor bead is immobilized with capture antibody. When the 

analyte is added, it binds to the capture antibody, followed by binding to the secondary antibody 

at close proximity. The secondary antibody is immobilized to an acceptor bead. Irradiation of 

donor bead produces singlet O radicals, to generate chemiluminescence at the acceptor bead. The 

generated signal is proportional to the analyte. 

 

Although AlphaLISA is a simple, wash-free and sensitive method, it still has the drawback 

of requiring a specialized instrument, which carries a specific excitation and emission wavelength 

filter. This feature is limited in most fluorescent devices and hampers its general usage in simple 

laboratories and resource limited settings. 
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1.3 DNA based assays 
 

As mentioned previously, although ELISA and its more modern counterparts have achieved 

fM to pM limits of detection, their drawbacks have created a demand for simpler analytical 

techniques which are cost effective, homogenous, single-step (mix-and-read), fast and requiring 

less technical skill, without compromising the sensitivity and specificity  1, 2, 19, 20. As a step towards 

achieving this goal, researchers are taking advantage of the changes a biomolecule undergoes in 

response to variations in temperature, pH, salt concentration and target 21-23. Biosensors developed 

based on these natural phenomena can be easily coupled to fluorescence, electrochemical and 

colorimetric detection platforms to quantitatively determine biomarkers in a single-step, wash-free 

and limited reagent process 2, 22, 24, 25. Taking this into account, in this dissertation, we focus on the 

use of oligonucleotides for biomolecule sensing.  

DNA strands undergo spontaneous assembly, due to Watson and Crick base paring rules. 

This feature of DNA strands has made it a promising building block for biosensor development. 

DNA-based biosensors include DNA scaffolds, DNA walkers, proximity-based DNA sensors and 

DNA switches. 24, 26-32.  

 
 
1.3.1 DNA-based assays: leveraging cooperative sensing for analyte detection 
 

As mentioned above, the Watson and Crick base pairing allows the DNA strands to 

undergo spontaneous hybridization, due to strong binding affinities between nucleobases 33. In an 

assay using cooperative sensing, this nature of spontaneous hybridization is intentionally 

minimized, and an analyte dependent DNA hybridization is leveraged for biomarker detection. 

The DNA hybridization event can be studied through fluorescence, electrochemical, and 

colorimetric techniques, which are then correlated to the amount of target analyte 4, 20, 24, 25, 34. 
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Another approach of adapting cooperative sensing is splitting a probe of interest, to destabilize it 

and drive its reassembly through target protein binding. This induced thermodynamic stability can 

be converted to a measurable signal to quantify the target protein.24, 35, 36Therefore, assays based 

on the premise of cooperative sensing hold promise for developing techniques and biosensors that 

are cost effective, simple (mix-and-read), sensitive, specific, and rapid. Furthermore, they could 

be adopted to either homogenous or surface-based assays. 20, 37-39 

The principle of analyte sensing through the proximity effect involves target induced 

hybridization of two short DNA strands, generally referred to as signaling oligonucleotides, of ≤ 

10 base pairs (bp). These signaling oligo strands are usually tagged with signaling molecules such 

as fluorophore-quencher pairs or electroactive molecules such as methylene blue 4, 24. In a solution, 

these signaling oligos are usually present in low concentrations (nM-pM range), which minimizes 

their efficient hybridization in free solution 4, 21, 24, 40, 41. However, if these short DNA strands are 

bound to target recognition units (antibodies, aptamers, antibody fragments, peptide and PNAs), 

they can anneal to form a more thermodynamically stable duplex 4, 24. The recognition units can 

bind to two nonoverlapping epitopes of a protein or two paratopes of a target antibody with high 

affinity. As a result, the short complementary DNA strands that were far from each other, are now 

brought to close proximity and are restricted within a smaller volume. This target induced entropic 

stabilization drives the hybridization of the shorter DNA strands, due to the increase in localized 

concentration from nM to µM range 4. This formed proximity-based structure is more analogous 

to a simple DNA stem-loop system. Typically, the hybridization of two complementary shorter 

DNA strands will follow a spontaneous, intermolecular hybridization and has a lower stability at 

room temperature, especially if their concentrations are low in free solution.  
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However, if these two strands are connected through a single stranded DNA linker 

(ssDNA) to form a continuous DNA strand, the two shorter strands will follow intramolecular 

hybridization due to the formed stem-loop structure. The melting point (Tm) of this stem-loop 

structure is higher than that of the DNA strands that undergo intermolecular hybridization 4. The 

formed proximity complex is analogous to the DNA stem-loop structure 4, 24.  Figure 1.4 illustrates 

the basic principle of proximity effect. 

 

Figure 1.4 Principle of proximity effect Principle of proximity effect. (A) Short DNA strands 

tagged to analyte recognition units are in ultra-low concentrations. Addition of analyte, confines 

DNA strands to a smaller volume, increasing their local concentrations, which drives 

hybridization. (B) Left- target unbound system follows intermolecular hybridization and is less 

stable. Right- Target-bound system is similar to a stable hairpin loop and follows intramolecular 

hybridization 
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Figure 1.5 below illustrates a FRET (Förster resonance energy transfer) assay, based on 

thermofluorimetric analysis (TFA) for analyte sensing using antibody tagged oligonucleotides 

(AbOs) as signaling probes. The signaling probes carry two FRET pairs. Initially, there are free 

AbOs (or probes) in solution. In the presence of target, the signaling complex is formed, where a 

measurable FRET signal is given (Figure 1.5 top, right). The bottom figure represents a typical 

derivative curve obtained by thermally scanning the melting transition of proximity complexes 

(i.e. following the DNA denaturation in terms of change in FRET signals, with respect to 

increasing temperature). As mentioned previously, the analyte-bound proximity complex gives a 

more thermodynamically stable complex, which is represented by the higher melting temperature 

(signal peak, blue curve). A detailed description regarding the technique of TFA and its 

applications will follow in chapter 2. Since concentration of probes in free solution initially are 

slightly in excess compared to what is required by the analyte, there will be a certain number of 

unbound probes in solution, which will not result in a measurable signal 24.Although, ideally we 

expect to see no measurable signal from free probes, there is still room for analyte independent, 

intermolecular hybridization, leading to a measurable signal (Figure 1.5 top- center and bottom- 

grey curve). Therefore, when designing an isothermal assay based on proximity effect, it is critical 

to design necessary probe DNA in a way such that the background does not interfere with signal 

complex. It is important that one designs such an isothermal assay where the background is 

unstable enough, whilst keeping the signal within a measurable limit. For this purpose we can 

leverage TFA, since this provides a good understanding regarding the stability of signal and 

background, and select the best temperature for an isothermal assay where the background is 

considerably unstable, but signal is still in a measurable range. As shown in Figure 1.5 (bottom), 

two curves corresponding to the background (grey) and signal (blue) are illustrated. This clearly 
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depicts the decrease in background peak in the presence of analyte, corresponding to its entropic 

stability, which gives us an idea regarding the best conditions for selecting a temperature for an 

isothermal assay, with minimal background interference 24. 

 

Figure 1.5 An Illustration of proximity effect, using thermofluorimetric analysis (TFA). At 

beginning of an assay, free probes are abundant. Upon addition of analyte, signaling DNA strands 

hybridize to give a measurable FRET signal. The signal complex is entropically stable and has a 

higher ,melting temperature, which is represented as a shift in the melt curve (bottom, blue curve). 

A certain number of background complexes are also formed, which are independent of analyte 

binding. This forms a less stable complex, which is represented by a lower melting point (bottom, 

grey curve). Reprinted with permission from reference 24. Copyright 2021, American Chemical 

Society. 
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1.3.2 Examples of assays developed based on proximity effect 
 

In this section, we will discuss assays that were developed based on proximity effect. More 

recent developments on proximity based assays are highlighted in a recent review by our group 24. 

1.3.2.1 Proximity ligation assay (PLA) 
 

This assay was first introduced by the Landegren group for target protein sensing. The 

method combines the proximity effect with PCR amplification for quantification 37, 42, 43. Herein, 

target recognizing units are first allowed to bind with the target protein, bringing probe DNA to 

close proximity. The 5’ and 3’ ends of the two DNA strands then undergo hybridization with a 

shorter connector strand, which aids in joining the two ends of the strands by enzymatic ligation 

(T4 DNA ligase) (Figure 1.6). Protein quantification is then achieved through PCR amplification. 

The probe DNA carries a primer region, which is short (20-22 nt) and will initiate fluorimetric 

amplification in the presence of polymerase enzyme. The DNA probes which are not bound to 

protein molecules will not be amplified 42, 43. 

 

Figure 1.6 An illustration of PLA. Connector strand hybridizes to the 5’ and 3’ end each, when 

the tagged DNA strands are brought to close proximity in the presence of analyte. T4 DNA ligase 

seals the nick between the 5’-phosphate and 3’-OH, by forming the phosphodiester bond. The 

formed continuous DNA strand carries a primer sequence recognized by polymerase enzyme. 

Fluorescence signals generated by PCR amplification will be proportional to the amount of analyte 

in solution. 
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In their earliest work, the Landegren group demonstrated this method by detecting platelet 

derived growth factor, B-chain (PDGF-BB) with its corresponding aptamers. Zeptomole amounts 

of PDGF-BB were detected as a result of leveraging signal amplification techniques 42. To 

guarantee efficient ligation, a large excess of symmetrical connector compared to the proximity 

probes were used. The results of this assay were comparable to that of sandwich ELISA, where 

PDGF-BB in human plasma was 0.2 nM based on PLA and 0.13 nM based on ELISA. Due the 

assay being homogenous, it did not require any washing steps, which minimized the complexity 

of workflow. Furthermore, this assay did not require the immobilization of recognition probes to 

a surface and multiplexing was easily adaptable 43. However, the presence of ligation and 

amplification inhibitors in homogenous solution-based PLA was detrimental for achieving better 

limits of detection (LOD). In this case, a solid-phase sandwich assay version of PLA was adapted 

to enhance its LOD. Solid-phase immobilization did not only purify the samples reducing cross 

reactivity, but also pre-concentrated it 42, 43. With the same PDGF-BB aptamer pairs the authors 

have been able to achieve even lower LODs compared to the homogenous PLA 42, 43. 

Although aptamer pairs provided good sensitivity and specificity in protein target detction, 

there are only a limited number of aptamer pairs available which could be used as proximity 

probes. However, with the evolutions in ELISA, there are many antibodies, both mono and 

polyclonal that are available and are able to bind specifically to two nonoverlapping epitopes of a 

target protein. Therefore, in a later work, the Landegren group extended PLA to detect cytokines 

using antibody oligonucleotides as probes. Due to the high specificity of the antibodies, they were 

able to achieve better assay sensitivity, where target detection even in 1 µL samples were achieved 

44. Another advantage of this is that it requires < 1000x of antibody, compared to conventional 

ELISA, with less optimization steps. This aids in minimizing assay cost. Furthermore, solution-
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based, homogenous PLA using antibodies offer a platform for multiplexing, provided that the 

targets have necessary pairs of antibodies, with limited cross reactivity 43, 44. 

 

1.3.2.2 The proximity extension assay (PEA) 
 

Although PLA was shown to be sensitive, its performance in human plasma was hampered 

due to ligase inhibition in plasma. As an alternative to PLA, the Fredriksson group introduced the 

proximity extension assay (PEA) 45, 46. Herein, the authors used DNA polymerase enzyme for 

strand extension, followed by PCR amplification for protein quantification 46, 47. PEA follows three 

basic steps (Figure 1.7). (a) the target protein is incubated with two AbOs, where one of the probe 

DNA carries a 3’ linked double strand DNA (dsDNA), with a short overhang of 9 nt at the 5’ end. 

The other probe DNA, which is 5’ linked has a 9 nt complementary to that of the overhang. Protein 

binding brings the two DNA strands to close proximity, where the overhang hybridizes with the 

5’linked probe DNA. (b) T4 DNA polymerase was added, which extended the hybridized overhang 

to form a full length DNA strand. (c) this DNA served as a full-length amplicon which was 

quantified by qPCR. The qPCR signal correlated to the target protein concentration 45, 46. 
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Figure 1.7 Illustration of PEA. Two DNA strands are tagged with antibodies, where one strand 

already carries a shorter DNA strand with a 5’ overhang hybridized. Analyte addition brings the 

two DNA strands closer, where the 5’overhang hybridizes to part of the other DNA. Strand 

extension by polymerase, followed by PCR amplification helps quantify the protein. 

 
The authors demonstrated that it was important for the polymerase enzyme to possess 

3’à5’ exonuclease activity, which contributed to low background and improved assay sensitivity. 

This was due to the fact that, exonuclease activity was able to digest any free non-adjacent ends of 

DNA, which will prevent them from forming any extension products through arbitrary proximity 

events 46. Glial cell line derived neurotrophic factor (GDNF) and human IL-8 were spiked and 

detected in human plasma, where a LOD of 0.1 pM was detected for both targets 46. To further 

improve the assay performance in terms of sensitivity, specificity and multiplexing the Fredriksson 

group included two other steps. After the polymerase extension of proximity probes, the formed 

PCR templates were pre-amplified by universal primers, followed by uracil glycosylase digestion 

to remove all the unbound primers from DNA templates. Finally, using microfluidic qPCR the 

existing DNA sequences were detected using specific primers. Herein, 92 well known cancer 

protein markers were quantified at the same time. It was observed previously that due to the 

requirement of proximity effect to form an amplifiable DNA template for qPCR, cross reactivity 

of antibody pairs used was minimal in PEA, aiding in improving its capability of adapting it for 
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multiple target detection 47. Therefore, PEA bears the advantages of being rapid, simple workflow, 

capability of using low binding affinity target recognition units, requirement of low sample volume 

and capability of multiplexing 45-47.  

 
1.3.2.3 The pincer assay 
 

Although PLA and PEA have demonstrated to be sensitive and specific, whilst having a 

more simplified workflow compared to ELISA, the use enzymes and the need of a precise thermal 

cycling program makes it still quite cumbersome. Taking advantage of FRET, the Heyduk group 

introduced an even more simplified enzyme free assay known as molecular pincers 34, 40, 41, 48. 

Figure 1.8 shows an illustration of the basic principle. Herein, signaling DNA probes carry FRET 

pairs and include either antibodies or aptamers as analyte binders. When these bind to the target 

protein, the shorter signaling strands are brought to close proximity, undergoing target-induced 

hybridization. This results in a measurable FRET signal. The target bound complex will show a 

higher FRET signal compared to the background complex 34, 40, 41, 48. Cardiac troponin I was 

detected as low as 40 pM using its respective antibody pairs, while insulin was detected at 100 pM 

using anti insulin antibodies. The assay was able to detect targets within 15-20 mins 34, 48. To 

improve assay performance in complex biological fluids, the authors demonstrated the use of 

lanthanide chelates, instead of FRET pairs. Due to the long emission life times of lanthanide 

chelates any interference of autofluorescence caused by plasma will be eliminated, which 

enhanced the signal to background ratios. The authors were able to observe an ~2 fold 

improvement in assay sensitivity 34. This method was later adopted to a surface-based assay 

allowing capability of multiplexing 40, 49.  
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Figure 1.8 Illustration of pincer assay. Each antibody is tagged with a fluorophore. Target addition 

brings the two DNA strands closer to each other. Hybridization of short DNA strands then brings 

the FRET pairs close to each other, where the resulting change in fluorescence of the acceptor 

fluorophore. Change in fluorescence signal is proportional to the target concentration   

 
1.3.2.4 The electrochemical proximity assay (ECPA) 
 

Our lab introduced the ECPA, where proximity effect was coupled with electrochemical 

detection for protein quantification. Figure 1.9 illustrates the basic principle. Herein, target 

binding results in assembling a 5-part circular complex which brings an electroactive redox 

molecule, methylene blue (MB) closer to a gold electrode surface for electron transfer 20, 25. Each 

antibody-oligonucleotide conjugate is hybridized through 20 base pairs to a thiol- DNA and a MB-

DNA separately. MB-DNA approaches closer to thiol-DNA, as a result of target addition, leading 

to the hybridization of complementary DNA strands (complementary region on MB- and thiol-

DNA are shorter sequences). This brings MB closer to the gold surface, where electron transfer 

occurs. The generated peak current is proportional to target protein concentration.  
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Figure 1.9 Sensing principle of ECPA. Binding of target with antibodies brings the MB-DNA 

closer to the electrode surface. MB-DNA hybridizes to the thiol-DNA through a short DNA strand, 

leading to electron transfer between the MB tag and electrode surface. Generated current is 

proportional to the target signal. 

 
Leveraging ECPA, insulin and thrombin were detected in fM-pM ranges using antibody 

and aptamer pairs respectively as analyte binding probes. 20, 25 Since the developed ECPA was of 

single use, as an improvement to this first-generation sensor, a reusable ECPA was introduced for 

real-time protein quantification. Herein, a selected number of deoxythymidines (dTs) were 

substituted by deoxyuridines (dU), which allowed enzymatic cleavage of dU by uracil excision 

mix 25. Following water and buffer washes after enzymatic addition removed the target bound 

complex, resulting in a cleaner gold electrode which now carried only the thiol-DNA on the 

surface. This fresh electrode was ready for a new round of sample detection. Both insulin and 

thrombin-based sensors demonstrated a reusability of ~19 times 25. 

Later, the Ju group introduced ratiometric ECPA, REPA (Figure 1.10). Here, antibody 1 

(Ab1) is tagged to DNA-1 with a distal MB, which is hybridized to thiol DNA carrying a ferrocene 

molecule (Fc) at its distal end (capture probe). Addition of target protein and the other recognition 

unit (Ab2-DNA-2 or detection probe) brings the DNA-1 and DNA-2 to close proximity allowing 

hybridization, releasing the Ab1-DNA from the capture probe, which forms a hairpin-loop 
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structure, bringing the Fc closer to the gold electrode surface. As a result, the Fc undergoes electron 

transfer, acting as “signal on” and concurrently as the MB is pushed away from the gold surface, 

it acts as “signal off”. Due to the increase and decrease in electrochemical signals of Fc and MB 

respectively upon target addition, this method is considered as a ratiometric sensor. The authors 

demonstrated that prostrate specific antigen (PSA), a cancer marker can be detected withing 40 

mins in a single step, with a LOD in pM range 50.  

 
 

Figure 1.10 Sensing principle of REPA. DNA-1 is tagged to Ab1 and MB at its distal and proximal 

ends. Additionally, DNA-1 is hybridized to a thiol-DNA, which is attached to a gold surface at its 

proximal end and a ferrocene molecule at the distal end. Addition of DNA-2 and PSA displaces 

DNA-1, due proximity effect. This leads to signal reduction of MB and signal enhancement of 

ferrocene, making it a ratiometric sensor. Reprinted with permission from reference 50. Copyright 

2014, Springer Nature. 

In a more recent work, Alessandro Porchetta and coworkers attributed the proximity effect 

as “effective molarity” 24, 51. As shown in Figure 1.11A, initially the capture and output DNA 

strands have low binding affinity towards each other but is eventually enhanced when the antibody 

(Ab) mimicking DNA strand (target) is added. The addition of target strand brings the capture and 

output strands to closer to each other, driving their hybridization due to enhanced effective 
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concentration. This shifts the binding curve towards a lower concentration. This system was fine 

tuned to accommodate antibody sensing, where the Ab-mimicking strand was replaced by small 

molecules recognizing paratopes of an antibody of interest (Figure 1.11B) 24, 51. Sensor 

functionality was demonstrated by detecting both IgG and IgE antibodies, where 4 different targets 

were quantified in both buffer and bodily fluids 24, 51. 

 

Figure 1.11 Antibody sensing through effective molarity. (A) When antibody-mimicking strand 

is added, the output strand is brought closer to the capture strand, resulting in an increase in 

effective molarity. The hybridization of two strands enhances MB current and shifts the binding 

curve towards lower concentrations (right). (B) System is modified to detect antibodies, where 

capture and output strands are now hybridized to antibody recognition units. Reprinted with 

permission from reference 51. Copyright 2020, John Wiley and Sons. 

 
1.3.2.5 Photoelectrochemical proximity assay (PECPA) 
 

Another approach based on ECPA was introduced by the Ju group in 2016, leveraging 

photoelectric effect. Herein, an Indium tin oxide (ITO) electrode was first layered with TiO2 

quantum dots (QDs), followed by a layer of Cadmium based Ab1-DNA QDs. Following the 

B 

A 
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addition of detection of Ab (Ab2-DNA), target protein and detector QD forms a proximity complex 

(Figure 1.12) 24, 38, which brings detector QD closer to the ITO surface. This resulted in a 

sensitized photocurrent which was proportional to the concentration of target protein. Insulin was 

detected at a LOD of 3.0 fM, with a dynamic range spanning from 10 fM to 10 nM 38. They 

demonstrated sensor functionality in complex sample matrices with high selectivity and 

sensitivity. PECPA benefits from the use of nominal optical components, simple and low-cost 

electrochemical readout methods making it ideal for adapting the method for POC and PON, and 

minimal resource settings 24, 38. 

 

Figure 1.12 An illustration of PECPA. The ITO surface is functionalized with quantum dots(QDs), 

carrying target recognition units. A second DNA strand having another target recognition unit and 

QD (as signal transducer) is added. Target-induced hybridization brings signaling QD closer to the 

surface where a photoelectric current is generated, proportional to the target protein. Reprinted 

with permission from reference 38. Copyright 2016, American Chemical Society. 
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1.3.3 Drawbacks of assays based on proximity effect 
 

The few examples discussed above demonstrates successful applications of proximity-based 

sensors as attempts of replacing the gold standard protein sensing technique, ELISA, and its 

modern, improved counterparts. Although this technique has the advantage of being comparatively 

rapid, simple mix-and-measure it bears certain disadvantages 24 

(a) Requirement of having two binding sites- The need of two nonoverlapping binding sites 

on target is a clear limitation to the size of biomarkers that can be detected leveraging this 

technique. Therefore, although larger protein molecules, viruses and cells will carry more 

than one binding site for recognition units, proximity effect cannot easily be used to detect 

smaller biomarkers such as steroids, ions etc. 

(b) Limitations in adapting as competitive assays- A key feature of the recognition units 

used for proximity assays is its strong affinity towards the target molecule. Although lower 

binding affinity moieties can be used whilst coupled to purification and pre-concentrated 

steps with the proximity assay, it is cumbersome to displace the bound target molecule, 

and allow free target to compete with proximity effect. However, optical methods such as 

fluorescence and photo crosslinking have been used to circumvent this issue 24, 46, 52, 53.  

(c) Reduction in signal at high target concentration- An important factor to consider is the 

ratio of signaling probes to the target detected. As illustrated in Figure 1.13A, initially the 

number of probes compared to analyte is higher, which allows accurate detection of target 

(region 1). However, as the amount of target increases, probe binding sites will saturate, 

resulting in a drop signal (region 2). As shown in Figure 1.13A, although assay response, 

“y” is the same, measured concentrations c1 and c2 are completely different, which leads to 
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a doubt regarding the amount of target quantified. However, keeping this in mind, the 

analyte can be diluted accordingly such that it can be quantified within region 1 24. 

(d) The degree of conjugation (DoC)- Since antibodies are widely available with the 

improvements to ELISA over time, antibody oligonucleotide conjugates (AbOs) have been 

the choice over aptamer pairs in proximity assays 34, 45. Although it is assumed that one 

antibody is conjugated to a single oligonucleotide, in reality, AbO conjugates carry more 

than 1 DNA bound, per antibody (DoC=1). The Heyduk group demonstrated that for the 

commercialized pincer assay kits, best assay performance was obtained for AbO 

conjugates having 2-4 DNAs, per Ab 34. Therefore, this oversimplification of AbOs can 

impede assay performance in terms of sensitivity 24, 34, 45, 54. Figure 1.13B represents the 

probable configurations of AbOs, which illustrates that, as the DoC per Ab increases, the 

functional abundance of Ab decreases. In terms of a proximity assay, this can lead to 

multiple, target independent hybridizations, increasing background complexes, which will 

in turn converge with the signaling complex, making the assay useless 24, 45. In a preceding 

chapter of this dissertation, we have attempted the comparison of multivalent AbOs 

(DoC>1) and custom synthesized monovalent AbOs (DoC=1), which gives us a glimpse 

of how assay performance can be improved if AbOs with DoC=1 is used. 
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Figure 1.13 Limitations of proximity assay. (A) At the beginning, there is higher number of free 

probes in solution, compared to what is required by the analyte. This allows accurate quantification 

of analyte. However, as the analyte concentration increases, probe sites will be saturated, leading 

to a decreased signal output. (B) Increasing number of DNA conjugated per antibody leads to 

decreased abundance (functionality) of AbOs. In an assay developed using such constructs will 

result in higher background, leading to reduced assay sensitivity. Reprinted with permission from 

24. Copyright 2021, American Chemical Society. 

 

1.3.4 DNA based assays: DNA scaffolds 
 

DNA based sensors have been developed based on their ability to change conformation or 

structure in response to a stimuli. Double stranded DNA scaffolds carrying target recognition units 

respond to external stimuli, which have been leveraged to design sensors. In this section, DNA 

scaffold-based sensors will be briefly discussed. 

There are instances where macromolecules respond to applied electrical charge, if the 

macromolecule itself carries a charge 55. Therefore, tethering such macromolecules to surfaces and 

manipulating their dynamics in the presence of an electrical charge and/or target molecule binding 

can be leveraged to develop sensors 55-60. Ulrich Rant and coworkers demonstrated that movement 

of thiol-modified DNA strands attached to a gold surface can be manipulated by electrical charge 

and used to develop sensors that are able to detect both DNA and protein targets 55, 59, 61. To 
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demonstrate the feasibility of this method, Rant and coworkers used dsDNA and ssDNA strands, 

of length 24-48 nucleotides (labelled with a fluorophore at distal end) tethered to a gold surface 

and studied changes in fluorescence in the presence of both a positive and negative applied 

potential. DNA are negatively charged, hence, application of a positive potential bias to the surface 

will attract the DNA strands, leading to quenching in fluorescence (Figure 1.14A). Application of 

a negative bias will repel the DNA from the surface which will restore the fluorescence 55. In their 

earlier work they showed the importance of fine tuning the system in terms of surface density of 

immobilized thiols, selected potentials, salt concentrations and frequencies for manipulating 

dynamics of DNA movement and intrinsic differences of using ds and ssDNA strands to obtain an 

operatable sensor. It was noted that if a higher packing density of thiol-DNA was present, the steric 

hindrance and tight/ close orientation of the DNA strands will hamper the motion of DNA strands 

upon application of respective potentials (Figure 1.14B). Tightly packed surfaces will essentially 

keep the DNA strands upright even at positive applied potentials. When surface coverage was 

decreased, there was more space for DNA movement with respect to applied potentials 55. 

Compared to a dsDNA, a ssDNA of similar length can is considered to be perfectly flexible. 

Therefore, even in the presence of an applied negative potential, the ssDNA will still remain closer 

to the gold surface, as opposed to a dsDNA 55, 59, 62. Based on these criteria, the Rant group use 

these scaffolds to detect both DNA and protein targets 59, 61. Leveraging the difference in flexibility 

of ssDNA and dsDNA, target DNA strands were detected (Figure 1.14C). In the absence of target 

DNA, no significant change in fluorescence was observed, although alternating potentials 

(negative and positive) were applied. However, addition of target DNA, followed by its 

hybridization resulted in a more rigid dsDNA which moved predictably in the presence of applied 

alternating potentials. Also, this system was used to detect mismatches in the target DNA strands, 
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by analyzing the melting transitions, whilst switching the potential 59. In a later work the group 

leveraged this technique for real-time protein detection. A dsDNA tagged with a protein 

recognition element and a fluorophore at the distal end was used 61. Protein target attachment slows 

the movement of shorter dsDNA in presence of alternating potentials, changing the rate of 

fluorescence modulation. This was leveraged to study the size of proteins (to Angström accuracy), 

post-translational protein modifications, changes in protein conformation and modifications in 

protein folding 61. 

 

Figure 1.14 Changes in DNA orientation with respect to applied potential, work by Rant and 

coworkers. (A) Application of a potential changes the movement of DNA strand. a positive 

potential attracts the strand towards the surface and a negative potential pushes it away from the 

surface. Reprinted with permission from reference 59. Copyright 2007, National Academy of 

Sciences, U. S. A.(B) Importance of tuning packing density of immobilized DNA on an electrode 

surface. A high surface density prevents DNA movement. Sufficiently low density promotes DNA 

movement. Reprinted with permission from refernce 55. Copyright 2004, American Chemical 

Society. (C) Left- Addition of target DNA changes fluorescence. Enhanced signal observed for 

longer complementary sequence. Right- ssDNA is more flexible, hence, their response to potential 

doesn’t change the movement of DNA.  dsDNA is more rigid and thus sensitive to changes in 

alternating potential. Reprinted with permission from reference 59. Copyright 2007, National 

Academy of Sciences, U. S. A. 
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Based on the work by the Rant group, electrochemical scaffold sensors were developed 56-

58, 60, 63-66. The Plaxco group developed several electrochemical (EC) sensors for protein detection 

which functioned well even in undiluted blood serum whilst being reagentless, reusable, wash-free 

and adaptable to microfluidic and multiplexing, demonstrating promise for POC testing 56, 57, 63, 65. 

In their earlier work employing EC based DNA (E-DNA) scaffolds, low nM concentrations of 

anti-digoxigenin antibody and streptavidin were detected. In this sensor, a partially dsDNA was 

attached to a gold electrode surface through a thiol bond on the proximal end of one of DNA 

strands of the duplex. The distal ends of both strands of the duplex carried a target recognition unit 

and a redox tag (methylene blue, MB) (Figure 1.15A). In the absence of target, the DNA scaffold 

approaches the electrode with ease, allowing MB to transfer electrons efficiently, producing a 

larger Faradaic current. However, target binding reduces the Faradaic current due to lack of 

electron transfer efficiency owing to the bulk of target suppressing DNA scaffold movement 

(Figure 1.15B). It was also shown that for optimal functioning of the sensor, it is important to tune 

the length of the DNA strand used for the scaffold, where in this case was 19-nt. This sensor 

demonstrated functionality in complex matrices such as 50% blood serum 63. Due to the weight of 

antibodies (~150 kDa), the decrease in electron transfer of E-DNA scaffold sensors is significant 

at 50 %. 
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Figure 1.15 E-DNA scaffold sensors by the Plaxco group. (A) A dsDNA is attached to the gold 

surface which carries a MB-tag (anchoring strand) and target recognition unit (recognition strand). 

In the absence of target antibody, the dsDNA moves faster, allowing efficient electron transfer 

between the electrode surface and MB. Addition of antibody increases molecular weight of the 

system, slowing down electron transfer. (B) In the absence of antibody, a higher current is 

generated, whereas in the presence of antibody, generated current is low. Reprinted with 

permission from reference 63. Copyright 2009, American Chemical Society. 

 
 

In a later work the Plaxco group adapted these sensors to detect a non-antibody, low 

molecular weight target chemokine IP-10 (~10kDa). Herein, a 21-reisdue polypeptide receptor of 

the target was used as the recognition element, which was attached to peptide nucleic acid (PNA), 

hybridized to a MB-DNA (Figure 1.16). The sensor functioned as expected giving results in low 

nM range.  Although the limits of detection are above the clinical range (which was attributed to 

the lower binding affinity of the receptor to target), they were able to demonstrate good selectivity 

and sensitivity. However, it was successfully shown that E-DNA scaffolds can be used for 

detecting not only larger targets such as antibodies, but also smaller targets 56. 
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Figure 1.16 An E-DNA scaffold for protein sensing. (A) The recognition unit was a PNA 

molecule. Upon protein addition, DNA scaffold movement was slowed down. (B) In the absence 

of target protein, the higher currents observed, similar to the antibody sensor, whereas in the 

presence of protein, peak currents were observed to be low. Reprinted with permission from 

reference 56. Copyright 2013, Royal Society of Chemistry. 

 

With the goal of expanding the type of protein targets that can be detected with these 

sensors, Plaxco and coworkers explored sensor functionality by using target recognition units of 

various sizes. This gives the opportunity of expanding recognition elements attached to the DNA 

scaffolds up to full length protein antigens 57, 65. As size of the recognition unit increases, the 

change in signal of the DNA scaffold due to target binding will decrease and eventually drop to 

zero. Figure 1.17 shows the change in current of a fabricated sensor before attaching the 

recognition element, after attaching recognition unit and after target binding. This clearly 

represents that recognition element hinders electron transfer compared to the unmodified sensor 

65. Several target recognition units ranging from 7 to 150 kDa were used and it was found that 

signal suppression begins to plateau at ~35% (with respect to unmodified sensor), when the weight 

reaches ~70 kDa. Based on these observations, sensors were developed by tagging full length 

protein antigens, including conformational epitopes for target sensing 65.  
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Figure 1.17 Modification of E-DNA scaffold sensors to accommodate target recognition units of 

different sizes. (A) Scaffold in the absence of recognition units has higher currents. (B) Addition 

of target recognition unit slows the electron transfer to an extent, due to the change in weight of 

scaffold. This gives a lower current compared to (A). (C) Addition of target leads to even slower 

electron transfer, reducing the generated current further. Reprinted with permission from reference 

65. Copyright 2018, American Chemical Society. 

 
In a more recent work, an antibody responsible for syphilis was detected using an almost 

full-length antigen as the recognition unit within 10 mins. The groundwork results of this study 

showed that this E-DNA based sensor was able to differentiate syphilis positive human serum from 

healthy human serum samples and the sensitivity of the sensor was comparable to the 

commercially available ELISA used for syphilis detection. The benefit of using an antigen having 

the folded epitopes in such E-DNA sensors is that, since all patients will not produce antibodies 

for one specific epitope, antibodies produced by persons for the other epitopes also can be 

recognized and hence helps in rapid diagnosis of the disease 57. 

Inspired by the work on E-DNA scaffold sensors, our group introduced a more 

generalizable and novel EC sensor known as the nucleic acid nanostructure, to quantify of 

A C B 
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various classes of targets, using different types of target recognition units for rapid and reagentless 

drop-and-read sensing 27, 30, 67. Herein, a single DNA structure carrying a target recognition unit 

and redox reporter (MB) was enzymatically constructed on the surface of a gold electrode. Upon 

target binding, a shift in the tethered diffusion of MB results a change in electrochemical signal 

which can be correlated to the target concentration 27, 30, 67. Figure 1.18 below shows the basic 

principle for protein and small molecule quantification using the nanostructure. With respect to 

protein quantification, the assembled DNA nanostructure carries a protein recognition unit and 

MB tag placed close to each other and at fixed distance away from the surface. In the absence of 

target, the nanostructure has faster tethered diffusion, which then slows down upon target binding 

due to an increase in total structure mass (Figure 1.18A). This drops the MB signal. With respect 

to small molecule detection, the anchor recognition unit has a pre-bound anchor molecule which 

slows down the initial tethered diffusion showing decreased current. In the presence of analyte, 

tethered diffusion is faster since the analyte is now bound to the anchor molecule (Figure 1.18B). 

Sensor functionality was initially demonstrated by detecting streptavidin and anti-digoxigenin 

(larger proteins) and biotin and digoxigenin (small molecules) 30. 
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Figure 1.18 Sensing principle of DNA nanostructure. (A) Protein quantification using the sensor. 

Pre-target addition, tethered diffusion of MB is faster, generating higher currents. Post-target 

addition, a change in molecular weight slows down tethered diffusion leading to lower currents. 

(B) Small-molecule quantification. Protein is already attached to the nanostructure, which shows 

lower current. Addition of target displaces the bound protein from the nanostructure, generating 

higher current, due to fast tethered diffusion. Small molecules are quantified indirectly. Reprinted 

with permission from reference 30. Copyright 2019, American Chemical Society. 

 

The DNA nanostructure included three DNA strands- a thiol-DNA binding to gold, a target 

recognition unit tagged DNA, and redox reporter tagged DNA. Commercial synthesis of a structure 

carrying three recognition units can be costly and result in a very poor yield. Alternatively, a clever 

method was used for assembling the DNA nanostructure, where three pieces of DNA strands were 

ligated enzymatically using T4-DNA ligase (Figure 1.19) 27, 30, 67. The ligase-mediated 

construction of this structure has two key benefits, (a) low cost and (b) only the target recognition 

unit (red strand, Figure 1.19) has to be changed as a modification for various target detection 27, 

B 
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30, 67. To validate the sensor performance further, an immunosuppressant drug, tacrolimus was 

detected. The circulation of tacrolimus in blood is usually detected through LC-MS/MS and this 

sensor was the first EC approach introduced by our group. The sensor performed successfully in 

both buffer and minimally diluted serum successfully 30. Recently, the nanostructure was used for 

peptide quantification, leveraging the indirect method which further extended the applications of 

developed nanostrcuture. The peptide drug exendin-4 was electrochemically detected at a LOD of 

6 nM (Figure 1.21) 27. Furthermore, recently, the sensor platform was used to quantify creatine 

kinase (CK) and anti-CK antibody with LODs of 14 nM and 5 nM respectively, using a DNA 

nanostructure that was constructed using the minimized binding epitope of creatine kinase 67. 

 

 

Figure 1.19 Construction of DNA nanostructure. The anchor recognition unit (red strand) and 

MB-DNA (brown strand) are added on to the electrode immobilized with thiol-DNA (blue strand), 

followed by ligase addition with cofactor, ATP. The three strands are then fused together, to form 

a single DNA strand which is 40 bp in length. Reprinted with permission from reference 30. 

Copyright 2019, American Chemical Society. 
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Figure 1.20 Indirect quantification of peptide, Exendin-4 using DNA-nanostructure. A 

nanostructure was constructed using the peptide as the recognition unit. Addition of antibody, 

slows down electron transfer, giving lower current. When exendin-4 was added (analyte), the 

antibody was displaced, which led to increased current. The change in current was proportional to 

the amount of analyte added. Reprinted with permission from reference 27. Copyright 2022, 

American Chemical Society. 

 

1.4 Summary 
 

As discussed in the preceding sections, it is important to devise methods for simpler and 

cost-effective assay platforms, avoiding bulkier equipment or complex methods. The work in this 

dissertation is focused on further improving and extending applicability of DNA-based sensors for 

more facile detection of target proteins/ analytes using fluorescence and electrochemical readout. 

Chapter 2 introduces our attempts of using split aptamers for protein quantification, using 

fluorescence, more specifically TFA as an assay technique. Herein, more details on the technique 

of TFA, the advantages and drawbacks of aptamers in target sensing will be discussed, including 

experimental results. In chapter 3, we demonstrate the use of TFA for antibody detection, 
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leveraging proximity effect. In this chapter, we also point out the importance of probe flexibility 

and multivalency for multi-DNA-based assays. Chapter 4 focuses on an electrochemical 

proximity assay, developed based on our previously introduced ECPA and TFA assay (chapter 3) 

for antibody detection, where we have again emphasized on probe flexibility for improved assay 

performance. Common electrochemical techniques used, and the process of electrode fabrication 

are outlined in this section. In chapter 5, we discuss our attempts of developing a gold 

microelectrode-based sensor for small molecule sensing, leveraging the prior mentioned DNA 

nanostructure and attempts to integrate it with 3D printed microfluidic devices.  
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Chapter 2  
 

Use of Split Broccoli Aptamer for Protein Sensing Using Thermofluorimetric Analysis 
(TFA) 

 

2.1 Background  
 

In this chapter, we use cooperative sensing towards developing an assay for protein detection 

through the assembly of a split green fluorescent protein (GFP) mimicking aptamer, “broccoli”. 

We have employed thermofluorimetric analysis (TFA) as the detection method. In this section, a 

brief introduction of aptamers, GFP mimics, and TFA will be given. 

 
2.1.1 Aptamers 
 

As discussed in chapter 1, the concept of proximity effect has been explored widely in 

developing new means of biosensing. Several types of components are being used as target 

recognition units, such as antibodies, PNAs, peptides, small molecules, and aptamers in 

cooperative sensing. Although with the advancement in sandwich ELISA, technologies used to 

isolating antibodies have evolved over the decades, there is still an interest towards exploring more 

promising alternatives as target recognition elements having single target binding affinity 1. 

Aptamers, a class of synthetic oligonucleotides (DNA and RNA) of 15-60 nt in length have gained 

the attention of researchers as such target recognition units, due to their unique capabilities of 

switching structure upon target binding and controlled synthesis 1-3. These structures are developed 

by a process known as SELEX (systemic evolution of ligands by exponential enrichment), where 

several rounds of mutation, multiplication, selection and purification selects the best DNA/ RNA 

strands that bind to a particular target 2, 4, 5. Aptamers have been developed to bind a wide range 

of targets from small molecules, metal ions, proteins and even cells 2, 3, 6-11. These oligonucleotide 
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constructs offer several advantages over antibodies, which include flexibility in modification, 

long-term stability, ease of synthesis, and cost effectiveness. 2, 11-14  

The foundation of employing aptamers in assay development is its capability of undergoing 

a change in conformation to form a secondary or tertiary structure upon target binding 1, 2, 9, 15. In 

its conformation, aptamers often carry stems and loops, which play a crucial role in forming the 

target binding site and stabilizing its secondary and/ or tertiary conformation 2, 14, 15. Therefore, 

these conformation changes are effectively transferred into signal readouts allowing protein 

quantification. The most popular and preferred method of detection is fluorescence, due to the high 

sensitivity, specificity, ease of handling, and multiplexing capabilities. Many structure-switching 

aptamer-based assays are developed based on the “molecular beacon” where aptamers are labelled 

with FRET pairs. A change in conformation upon target binding will result in either quenching/ 

emitting fluorescence or increasing/ decreasing fluorescence of a dye 2, 15-18 (Figure 2.1C). 

Electrochemical approaches are also often used to quantify target analytes, which result in 

electrochemical aptamer-based (E-AB) sensors. Herein, the aptamer is labelled with a redox tag 

such as methylene blue, which upon target binding will either increase or decrease the rate of 

electron transfer between the redox moiety and electrode surface 19-23  (Figure 2.1A). Colorimetric 

techniques are used with standard absorbance instruments to quantify targets leveraging aptamers 

(Figure 2.1B). Although the sensitivity of colorimetric readouts are poorer than fluorescent and 

electrochemical techniques, these have proven to be useful in situations where point-of-care and 

resource poor settings are concerned, since it allows for simple handling and ability to detect color 

changes through the naked eye. Colorimetric detection often involves the use of nanoparticles and 

DNAzymes 2, 11, 24-27. 
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Figure 2.1 Examples of aptamer-based sensors. (A) An E-AB sensor. An aptamer modified with 

a thiol at the proximal end and MB at the distal end is attached to the electrode surface. In the 

absence of target, a higher electrochemical (EC) signal is generated. Target binding to the aptamer 

stabilizes the structure, generating reduced EC signal. Reprinted with permission from reference 

21. Copyright 2019, Springer Nature. (B) A split aptamer sensor levering colourimetry. Aptamers 

are immobilized on gold nanoparticles (AuNP). In the absence of target, AuNP shows one colour, 

where in the presence of target, AuNP aggregates to show a different colour. Reprinted with 

permission from reference 11. Copyright 2018, American Chemical Society. (C) A fluorescence-

based aptasensor, where initially fluorescence is quenched. Target addition changes the binding 

conformation of aptamer, to restore fluorescence. Reprinted with permission from reference 1. 

Copyright 2018, American Chemical Society.  
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2.1.2 Split Aptamers 
 

Although structure switching aptamers have benefits, they also bear several drawbacks, 

impeding their extensive use in assay and biosensor development. First, many aptamers do not 

switch structure upon binding. They often have longer oligonucleotide strands, which leads to 

inefficient folding and refolding of the aptamers upon target binding and release. Likewise, it is 

still challenging to accurately determine the extent of folding upon target binding and also control 

the extent to which analyte dependent folding occurs 2, 28. Therefore, the use of full-length aptamers 

in sensor development can lead to high background noise and false positives 2, 5, 28. However, most 

of these drawbacks can be addressed by using split aptamer constructs.  

An ingenious way of using split aptamers is to leverage the proximity effect. When an 

aptamer is split into sections, the cooperative binding of target can result in joining the splits, where 

target dependent reassembly is converted to a signal readout. Stojanovic et al. was the first to 

demonstrate approaches of splitting cocaine and ATP binding aptamers, showing their successful 

reassembly, to emit a FRET signal 2, 15. Morris et al. demonstrated that the equilibrium upon 

binding of analyte results in stabilizing the aptamer and reduces its chance of dissociation 2, 5. 

When the parent aptamer is split into two or more fragments, its structure is inherently destabilized. 

Therefore, to develop split aptamer-based assays, it is important to make sure that analyte binding 

pockets are not affected. In order to attain better sensitivity and specificity, parent aptamers are 

generally modified to have more shorter sequences, by truncating at the stems and loops which 

have minimal structural functionality 2, 14, 15, 29. The splits resulting from these structures usually 

remain in equilibrium with the associated aptamer and target addition will form a 3-part, aptamer-

target-aptamer complex 2. Some advantages of using split aptamers in sensors include low 

background since assembly is highly dependent on target analyte and the incapability of forming 
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secondary structures in the absence of target reduces background. Also, aptamers have 

demonstrated a low rate of adsorption on to the surface, making it an ideal candidate for surface 

based assays 2, 4, 11, 30.  

However, although split aptamers own certain advantages, they also possess certain 

disadvantages. Due to modifications and splitting a parent aptamer into fragments, its binding 

affinity towards a target reduces. The formed aptamer-target-aptamer sandwich complex reduces 

the entropy of the system, lowering the equilibrium stability. Although, this can be minimized by 

increasing fragment length of splits to improve stability and coupling with amplification methods 

for enhanced signal output, the thermal stability of longer split fragments will lead to target 

independent assembly of splits. This in return will increase background and reduce assay 

sensitivity 2, 28, 30, 31. 

 

2.1.3 Green fluorescent protein (GFP) mimicking aptamers 
 

Akin to the proximity effect, fluorescent proteins such as GFP, yellow Venus, mCherry 

and cyan can be split into two segments, and reassembled to establish fluorescence in the presence 

of a target. This is referred to as split protein complementation assay (PCA). PCAs have been 

developed for enzymes, where reassembly results in the downstream amplification of a signal of 

interest 2, 32-34. Comparable to split protein assays, oligonucleotide split aptamer analogs leveraging 

fluorescence have been developed. Fluorescent proteins have greatly influenced the understanding 

of interactions, regulation and tracking of proteins within cells. Similarly, it is important to 

understand the function and regulation of RNAs within cells, which has been challenging to 

achieve 2, 35. To improve the understanding of the role of RNA in cells, the Jaffrey group developed 

a series of fluorescent RNA aptamers through SELEX, which bound to the fluorophore resembled 
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in GFPs 2, 35-37. The fluorophore in GFPs is 4-hydroxybenzilidene imidazolinone (HBI), which 

emits green fluorescence when enclosed within the protein. The group first developed the spinach 

aptamer (Figure 2.2B, left), for a modified synthetic form of HBI, 3,5-difluoro-4-

hydroxybenzylidene imidazolinone (DFHBI) (Figure 2.2A). In absence of the aptamer, DFHBI 

was nonfluorescent in free solution. However, upon binding to spinach, the dye emitted 

fluorescence. The synthesized dye exhibited no cytotoxic effects and emitted low background 

fluorescence when introduced to cells. Spinach was fused to other RNAs through one of the stem-

loop structures and used to successfully to image within cells 35.  Aptamers of thrombin, adenosine, 

SAM, guanosine, and GTP 35, 38. Figure 2.2C represents the sensing principle of fusing aptamers 

with spinach. 
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Figure 2.2 Spinach and its variants. (A) The synthetic fluorophore DFHBI, analogous to HBI, the 

fluorophore found in green fluorescent protein. Reprinted with permission from reference 

39.Copyright2014,AmericanChemicalSociety                  

(https://pubs.acs.org/doi/full/10.1021/ja410819x)*.(B) Left-Spinach aptamer. Right- Spinach2, a 

modified version of spinach aptamer, where the stem-loop 3 and stem 1 were modified slightly. 

Reprinted with permission from reference 37. Copyright 2013, Springer Nature. (C) Fusing 

spinach aptamer to other aptamers for analyte sensing. Left- Black represents the spinach aptamer, 

attached to another aptamer of interest (orange and blue). Improper folding of spinach the absence 
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D 

C 



48 
 

of target. Target binding to the recognition aptamer induces proper folding of spinach, leading to 

fluoresce DFHBI, as the fluorophore binding pocket is formed properly. Right- Fluorescence 

signals of DFHBI in the presence and absence of target molecule. Reprinted with permission from 

reference 122. Copyright 2012, Science. (D) The broccoli aptamer. A 49-nt aptamer, which is less 

Mg2+ dependent and RNase resistant compared to the first-generation spinach aptamer. Reprinted 

with permission from reference 36. Copyright 2014, American Chemical Society 

(https://pubs.acs.org/doi/full/10.1021/ja508478x)* 

*Any further permissions related to cited articles must be directed to ACS 

Although spinach aptamer demonstrated some success in cellular imaging, when appended 

to other aptamer constructs, the DFHBI-spinach complex gave low signals due to poor thermal 

stability and misfolding within cells. Therefore, the Jaffrey group developed a more stable and 

brighter spinach aptamer, spinach2 (Figure 2.2B, right) 37. Due to the versatility of spinach in 

cellular imaging, the goal of Jaffrey group was focused on improving the brightness of these GFP-

mimicking aptamers. After the development of spinach2, a much shorter version of spinach was 

evolved, known as broccoli. Broccoli aptamer was 49-nt in length as opposed to the much longer 

parent aptamer spinach (~94-nt). Compared to spinach2, broccoli exhibited improved folding, 

much brighter fluorescence, low magnesium ion dependance for folding and stability within cells 

36. Within cells, RNAs are suffer degradation by RNases. Therefore, spinach and its earlier variants 

required a tRNA scaffold to be fused so that are being targeted by the RNases and degraded 2. 

However, broccoli was found to be more stable within cells, even without the need of appending 

additional tRNA scaffold (Figure 2.2D).  

Owing to the success of GFP mimicking aptamers, these have also been split into fragments 

and used to develop assays based on proximity effect. Rogers et al. demonstrated that the full-

length spinach aptamer can be split into two segments and reconstituted to turn on fluorescence of 

DFHBI. Herein, the splits were hybridized to a DNA blocker, which prevented the annealing of 
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split aptamer fragments. However, in the presence of target DNA strand, the blocker DNA was 

displaced via toehold mediated strand displacement allowing the split aptamer strands to 

recombine and fluoresce DFHBI 2, 40. Kikuchi et al. also demonstrated proximity-based split 

spinach recombination by modifying each split to carry a DNA strand that recognized a particular 

target DNA. In the presence of target DNA, recognition DNA annealing leads to bringing the split 

aptamers to close proximity. In the presence of DFHBI, the fluorophore binding pocket is formed 

and turns on its fluorescence 2, 41, 42. Ricci and coworkers leveraged split spinach reassembly to 

quantify antibodies. Herein, each split was tagged with an antibody recognizing small molecule. 

In the absence of target antibody, the splits would not reassemble and thus DFHBI did not 

fluoresce. However, in the presence of target, the recognition element binding brings the two splits 

closer to result in turning on the fluorescence of DFHBI 43. Alam et.al demonstrated the first ever 

split broccoli reassembly in vivo. Here, the aptamer was split into two segments and were brought 

together and stabilized through a 3-way junction RNA construct. They showed that this split 

broccoli reassembly resulted in a digital output and was able to maintain performance, even when 

it was fused with other RNA constructs to result in a stand-alone AND gate construct, in vivo 44. 

Wang et al. also demonstrated that split broccoli aptamers could be used for in vivo cell imaging. 

Here, the aptamer was split at its loop and each split was modified to carry a segment of target 

mRNA recognizing unit, which was then encoded within cells. In the presence of target mRNA, 

broccoli splits will be brought closer, turning on the fluorescence of DFHBI. This system was 

successfully used to monitor mRNA within cells in real time 45. 

Inspired by GFP mimicking split aptamers for analyte sensing, we attempted to develop an 

in vitro assay for protein detection using split broccoli aptamer and leveraging thermofluorimetric 
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analysis (TFA) as the signal readout method which has thus far not been used in this manner. The 

following section describes the basic principle of TFA. 

2.1.4 Thermofluorometric analysis (TFA) 
 

A prerequisite for proximity complex bound to the target is that it should be stable enough 

to be measurable over the background complex. As mentioned in chapter 1, the interaction of DNA 

with the target results in an increase in melting temperature of the proximity complex, rendering a 

much higher value, compared to the target-independent DNA hybridization event. Although most 

proximity assays have developed to be isothermal assays, it is important that at assay temperature 

the background is either fully or partially destabilized, whilst the signaling complexes are clearly 

detectable. Though assay performance at room temperature can be fine-tuned by optimizing the 

concentration of signaling probes and probe to analyte ratios, temperature dependance of the 

system in presence and absence can also assist in evaluating optimized assay performance, as it 

will be an indicator of the complexes’ entropic stability 2 

Native stability of a protein is altered upon ligand binding (metal ions, cofactors and 

inhibitors). The variations in protein stability is often studied based on their thermodynamics 

parameters, which are derived from thermal denaturation curves of a protein 46, 47. These curves 

can provide important information regarding amino acid residues that enhance stability, 

parameters that contribute towards protein folding and its structure 46. The stability of a protein 

depends on its Gibbs free energy of folding (∆GU) 46, 48. When a protein which is in its native, 

folded form is heated, it gradually unfolds and destabilizes as ∆GU decreases and becomes zero. 

An equilibrium is established between the folded and unfolded states as their concentrations 

become equal. The temperature at this stage is referred to as the melting temperature (Tm) of the 

protein 48. Binding of ligands to specific sites of the protein shifts the Tm due to alterations in 
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stability 47, 49. Generally, ligand binding leads to an increase in ∆GU of the protein, leading to an 

increase in Tm, compared to the free protein. This signifies a stabilization in the protein structure, 

which is proportional to the concentration and binding affinity of ligand 47, 48. Thermal analysis of 

proteins is performed using a real-time qPCR instrument. Apart from the capability of performing 

several tests in a single run, the instrument also offers a broad window for scanning temperature, 

prevents sample evaporation. This technique also requires considerably low sample volumes, 

while allowing to study samples of appreciably low concentrations 47, 49. The fluorescent dyes used 

for thermal analysis are generally non-fluorescent in polar solvents but are highly fluorescent in 

non-polar environments. Thus, upon unfolding of a protein these dyes could bind to the 

hydrophobic sites and fluoresce 47, 48. Pantoliano et al. successfully demonstrated the screening of 

approximately 100 therapeutically important drugs through thermal analysis. This work also 

showed that certain proteins that can bind multiple ligands simultaneously had varying melting 

temperatures amongst their free, single- and multi- ligand bound protein 47. 

Based on the concept of thermal analysis of DNA melting, our lab has demonstrated the 

use of TFA to monitor changes in melting of shorter DNA strands in the presence and absence of 

target protein binding. Herein, essentially two systems are compared- a signal complex and 

background complex 6, 50, 51. As mentioned previously, due to the stability of target binding, signal 

complex will melt at a higher temperature compared to the background complex, formed as a result 

of target- independent hybridization (Figure 2.3A). Analysis of the derivative melt curves (dF/dT) 

of the signal and background complexes clearly indicates a separation between the signal and 

background, which also demonstrated a concentration dependent separation (Figure 2.3B, top). 

Furthermore, subtraction of the background curve (zero-target) from rest of the derivative curves 
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will show a clear separation between the background (minima) and background (maxima curves) 

(Figure 2.3B, bottom) 50.  

 

 

Figure 2.3 Principle of thermofluorimetric analysis (TFA). (A) Signaling complex is formed as a 

result of target binding, which is entropically stable, giving a higher melting temperature. (B) Top- 

Derivative curve (dF/dT) shows a shift in melt curve towards a higher temperature. As the 

concentration of target analyte increases, the melt peaks at higher temperature becomes sharper. 

Bottom- subtraction of background melt curve from the rest of the derivative curves analytically 

separates the signal from the background, where growing minima represents the background and 

growing maxima represents the signal. Reprinted with permission from reference 50. Copyright 

2017, American Chemical Society 

 

In the past, our group used this technique to successfully detect thrombin (using thrombin 

aptamers), insulin (using insulin-antibody oligos), and small molecule cyclic AMP (cAMP) in low 

concentrations 6, 50, 51. Key advantages of TFA include- the non-physical separation of signal from 

background, ease of correcting for complex-matrix autofluorescence due to the interpretation of 

derivative curves, repurposing a simple qPCR instrument, simple-mix-and-read format compared 

to ELISA, use of considerably small sample volumes, and the capability of adopting to an 

isothermal assay as temperature could be selected to eliminate or minimize background 

A B 
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interference 2, 6, 50, 51. However, along with these advantages, TFA still carries certain drawbacks: 

limit of detection (LOD) is not as impressive as ELISA (due to the lack of downstream 

amplification processes), limitations of sensitive optics in qPCR instrument, and scanning up to 

higher temperatures can lead to not only melt DNA, but also the analyzing protein, making it 

important to pay close attention to the temperature selected for thermal scanning. In the following 

sections we describe a TFA-based proximity assay for protein sensing using split broccoli aptamer 

and its fluorophore, DFHBI.  

 
 
2.2 Methods and reagents 
 
2.2.1 Reagents 
 
Customized RNA and DNA strands were purchased from Integrated DNA Technologies (IDT) 

(Coralville, Iowa). All oligonucleotide sequences are given in Table 2.1 below. Thrombin (from 

human plasma), HEPES (4,2-hydroxyethyl-1-piperazineethanesulfonic acid) and phenol-

chloroform (5:1) were from Sigma Aldrich (St. Louis, MO). Sodium chloride, magnesium chloride 

hexahydrate and bovine serum albumin were purchased from OmniPur. Potassium chloride was 

obtained from BDH. Ammonium acetate from VWR and ethyl alcohol (absolute, anhydrous) 

purchased from Pharmco Aaper (NY).  DFHBI and DFHBI-1T were purchased from Lucerna.Inc 

(Brooklyn, NY). AmpliScribe T7-flash in vitro transcription kit (Lucigen brand), 2.5 mM dNTP 

mix-PCR grade (Invitrogen brand) and DNase, RNase-free UltraPure distilled water (Invitrogen 

brand) were from ThermoFisher Scientific. Monarch PCR and DNA cleanup kit (5µg), Q5 hot 

start high-fidelity DNA polymerase (including 5X Q5 reaction buffer) and 5X Q5 high GC 

enhancer were purchased from New England BioLabs. Inc (MA). For TFA measurements, the 

BioRad real time qPCR instrument (CFX 96) was used. For isothermal fluorescence measurements  
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the Beckman Coulter fluorescence plate reader was used.  

 

 
Sequence name Sequence (5’ to 3’) 

Full-length Broccoli 
aptamer 

GAGACGGUCGGGUCCAGAUAUUCGUAUCUGUCGAGUA 
GAGUGUGGGCUC 

Split Broccol-1 GAGACGGUCGGGUCCAGAUAUUCG 
Split Broccoli-2 UAUCUGUCGAGUA GAGUGUGGGCUC 

 
Thrombin aptamer 
(ThrA) 

AGTCCGTGGTAGGGCAGGTTGGGGTGACTTTTTTTTTTTTTTTTTATATTTT
TTTTTTCTCGCGGAUUUGAACCCUAACG 
 

Thrombin aptamer 
(ThrB) 

TAGGAAAAGGAGGAGGGTGGGATTGGTGTGTGTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTGGTTGGTGTGGTTGG 
 

Broccoli aptamer with T7 

promoter (DNA) 

(T7_Broccoli) 

AGAACATAATACGACTCACTATAGCGGAGACGGTCGGGTCCAGATATTCG
TATCTGTCGAGTA GAGTGTGGGCTC CGC 
 

Reversed primer for 
Broccoli aptamer 
(Broccoli_RevP) 

GCGGAGCCCACACTCTA 

T7 Promoter for split 
broccoli aptamer with 
thrombin binding arm 
(Strand 1) 
(T7_Mod_Split1) 

TAATACGACTCACTATAGCTCCTCCTTTTCCTAGAGACGGTCGGGTCCAGA
TATTC 

Reversed primer for 
modified split1 
(Rev_P_Split1) 

GAATATCTGGACCCGACCGTCTC 

T7 Promoter for split 
broccoli aptamer with 
thrombin binding arm 
(Strand 2) 
(T7_Mod_Split2) 

TAATACGACTCACTATAGTATCTGTCGAGTAGAGTGTGGGCTCCG 
TTAGGGTTCAAAT 
 

Reversed primer for 
modified split2 
(Rev_P_Split2) 

ATTTGAACCCTAACGGAGCC 

DNA Loop TAGGAAAAGGAGGAGGGTGGCCCACTTAAACCTCAATCCACCCACTTAA
ACCTCAATCCACGCGGAUUUGAACCCUAACG 
 

 
Table 2.1 DNA and RNA sequences used in chapter 2. 
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2.2.2 TFA experiments 
 

Stock solutions of oligonucleotides were dissolved in IDTE buffer, purchased from IDT. 

All working solutions were prepared in assay buffer containing 40 mM HEPES, 100 mM KCl and 

1 mM MgCl2. Broccoli aptamer and the split broccoli aptamers of specific concentrations were 

mixed with the DFHBI fluorophore (final concentration, 5 µM), to a total assay volume of 20 µL. 

The solutions were then placed in the RT-qPCR instrument. Solution mixture was first incubated 

at 37 °C for 10 min, followed by further incubating at 4°C for 10 min. A complete thermal scan 

was performed from 4-95 °C, with a 0.5 °C increment and 10 s equilibration time between each 

interval. The SYBR green channel (λem= 520 ± 10 nM and λex = 470 ± 20 nM) was used to measure 

fluorescence intensity of all experiments. A solution of DFHBI (5 µM) in assay buffer was used 

as the blank. In instances where thrombin was quantified, the split broccoli aptamers were 

modified with thrombin binding arms and mixed with thrombin aptamers A and B, DFHBI (5 µM), 

thrombin or buffer (corresponding to 0 nM thrombin) where the same incubation steps and thermal 

scanning procedure was followed. The split broccoli and thrombin aptamers were either 25 or 50 

nM final concentration, whereas thrombin concentrations were either 25, 50 or 100 nM. In 

instances where a DNA loop was used as the target, the DNA loop was mixed with the split 

broccoli aptamers and DFHBI at a final concentration of either 25 nM or 50 nM (for DNA loop 

and split broccoli aptamers). Again, the same incubation steps and thermal scanning procedure 

was followed.   
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2.2.3 Isothermal fluorescence measurements 
 

Necessary concentrations of broccoli or split broccoli aptamer was mixed with DFHBI (5 

µM) and transferred to the plate reader where, solutions were incubated for 10 min at 25 °C, 

followed by fluorescence measurement. Excitation and emission filters selected were 485 nm and 

535 nm respectively. Assay volumes were either 40 µL or 20 µL, depending on the well plate used 

(96-well or 384-well plate formats respectively). Blank/ background solution consisted of DFHBI 

(5 µM), in assay buffer. In instances where thrombin was detected, similar concentrations (as in 

section 2.2.2) of thrombin aptamers and split broccoli were mixed with DFHBI and thrombin or 

buffer. Similar incubation step and fluorescence measurement as above was followed. When DNA 

loop was used as the target, similar concentrations of DNA loop and split broccoli aptamer (as 

mentioned in section 2.2.2) were mixed with DFHBI, followed by the same incubation procedure 

and fluorescence detection method.  

 
2.2.4 DNA template preparation for in vitro RNA transcription 
 

Prior to in vitro transcription, reversed PCR primers and ssDNA (containing the T7 

promoter region) templates necessary for specific sequences of RNA were designed and purchased 

from IDT. A basic illustration of dsDNA template formation and in vitro transcription is given 

shown in Figure 2.4 below. For dsDNA template synthesis, the procedure for Q5 hot start high 

fidelity DNA polymerase provided by NEB was followed with few modifications. The following 

reagents were mixed and added to a PCR tube, followed by running one PCR cycle, to form the 

dsDNA. 

1. Template with T7 promoter (x µM)   1 µL 

2. Reversed primer (x µM)     1 µL 

3. 5x polymerase buffer     4 µL 



57 
 

4. 5x GC enhancer      4 µL 

5. dNTPs (2.5 mM)      4 µL 

6. Q5 polymerase      0.5 µL 

7. Water       5.5 µL 

8. Total volume of mixture= 20 µL 

 

After the dsDNA synthesis was completed, it was purified using the Monarch PCR cleanup 

kit. The manufacturer’s procedure was followed with slight modifications as needed. 

1. The dsDNA was first diluted with necessary amount of binding buffer provided in the 

kit. 

2. The diluted DNA was then transferred to the purification column and was spun down 

for 1 min at 15,000-16,000 rpm in the centrifuge machine. 

3. Washing buffer provided in the kit was added to the column according to the given 

procedure and spun again for 1 min at the same speed as above. This step was repeated 

once more. 

4. The columns were then transferred to new microcentrifuge tubes, followed by the 

addition of 10 µL of water. 

5. The tubes were again centrifuged at the same time and speed as above. 

6. Afterwards, the column was removed, whereas the synthesized and cleaned dsDNA 

template was collected into a new microcentrifuge tube. 

7. The concentration of this solution was determined using the Nanodrop 1000, and the 

template was store in -20 °C until further use. 
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2.2.5 In vitro transcription 
 

Reagents provided in the AmpliScribe T7-flash transcription kit was thawed at room 

temperature in the following order and was mixed. The manufacturer’s protocol was followed with 

slight modifications. 

Nuclease free water    x µL 

dsDNA template     3 µL (~ 0.1 µg) 

Transcription buffer    1 µL 

ATP 

CTP 

GTP 

UTP      0.9 µL each 

DTT (100 mM)     1 µL 

RNase inhibitor     0.25 uL 

T7 RNA polymerase    1 µL 

 

This mixture was incubated at 37 °C for 4-6 hrs, followed by incubation at 65 °C for further 

10-15 min, to deactivate the enzyme. Next, RNase free DNaseI was added to digest any remaining 

dsDNA template. Herein, 0.5 µL of DNase was added and incubated at 37 °C for 15 min, followed 

by enzyme deactivation at 65 °C, for 15 min. Purification of synthesized RNA was performed as 

follows- 

1. 1 volume of 5 M ammonium acetate was added, followed by incubating on ice for 10-

15 min. This commences precipitation of RNA. 

2. To complete precipitation, excess ammonium acetate was removed, followed by the 

addition of 2 volumes of absolute ethanol. This was then kept at -20 °C for at least 20 

min. *To make sure that the DNA template and remnants were removed, phenol-

chloroform extraction was performed, prior to addition of absolute ethanol (phenol: 

chloroform, 5:1, pH 4.5- 5).  
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3. The solution with the precipitated pellet was next centrifuged at top speed for ~15 min 

4. The ethanol solution was removed, followed by washing the pellet with 20  µL of 70 

% ethanol solution. The ethanol was drained the pellet was air dried for 15 min. 

5. The formed pellet was then dissolved in necessary storage buffer and concentration of 

synthesized RNA was determined using the Nanodrop 1000 (Nucleic acid function, on 

RNA setting) and was the aliquoted and store at -20 °C until used . 

 

Figure 2.4 An illustration of in vitro RNA transcription. A customized ssDNA template including 

the DNA sequence of interest and T7 promoter region were purchased. A dsDNA template is 

synthesized using 1-2 cycles of PCR amplification, where the ssDNA is converted to a dsDNA. 

This dsDNA carries an antisense (noncoding) and sense (coding) strands, used for RNA synthesis. 

During in vitro RNA synthesis, the RNA polymerase recognizes the coding strand and adds dNTPs 
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giving several copies of the corresponding RNA strand. Finally, the RNA is purified, extracted 

and stored in a freezer, till used. 

 
2.2.6 Data analysis 
 

Data analysis was performed in Microsoft excel. A detailed representation of data analysis 

for TFA is shown in chapter 3, experiments, and methods section. 

 
2.3 Results and discussion 
 

Spinach and broccoli aptamers have a specific G-quadruplex binding pocket for the 

fluorophore, DFHBI. Upon binding, the fluorophore is stabilized, and excitation energy is released 

as light (fluorescence) (Figure 2.5A). As mentioned previously, the Ricci group demonstrated that 

splitting the spinach aptamer destabilizes the DFHBI binding pocket, resulting in low fluorescence. 

They modified the split aptamers to carry digoxigenin molecules on one end, where in the presence 

of anti-digoxigenin the splits were brought to close proximity. The proximity effect resulted in the 

reassembly of split spinach and stabilized the DFHBI molecule, turning on its fluorescence. The 

fluorescence intensity was proportional to the amount of anti-digoxigenin 43. Based on this work, 

we hypothesized that splitting the 49-nt broccoli (a more brighter and robust variant of spinach) at 

its hairpin loop into two fragments of 24- and 25-nt and fusing them to recognition units can turn 

on fluorescence of DFHBI in the presence of a target analyte. We used TFA to assess the quantity 

of target, with the objective of developing a simple-mix-and read assay. As a first step we studied 

the capability of differentiating between the monomeric, full length broccoli aptamer and split 

aptamers using TFA. In the presence of full-length broccoli, DFHBI turns on its fluorescence and 

in the presence of splits, DFHBI fluorescence should be comparable to that of the background 

(only DFHBI in buffer) (Figure 2.5B).  
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Figure 2.5 Broccoli aptamer interaction with DFHBI. (A) The full-length aptamer can turn of 

fluorescence of DFHBI in solution. (B) Splitting of the aptamer at the hairpin loop to two segments 

leads to very minimal fluorescence in solution, as the DFHBI binding pocket is destabilized. 

 
Figure 2.6A illustrates the principle of identifying between full-length and split broccoli 

aptamers using TFA. When 500 nM of full-length broccoli and 500 nM split broccoli were 

thermally scanned, we observed that splitting at the hairpin loop led to decreased fluorescence as 

hypothesized. Figure 2.6B and Figure 2.6C shows the clear difference in change of DFHBI 

fluorescence, where a sharp drop is observed in the melting curve for the fully functional aptamer, 

as opposed to the split aptamers. This was clearly visible in the derivative curve, where a sharp 

melt peak at ~ 44 °C was observed for the full-length aptamer, whereas, at the same temperature 

there was no such significant observation for the splits. To further confirm that splitting broccoli 

led to loss/ reduced DFHBI fluorescence, we performed isothermal fluorescence measurements at 

25 °C, for the same concentrations of full-length broccoli and split broccoli in the presence of 

DFHBI. As shown in Figure 2.6D the split aptamers had fluorescence nearly comparable to the 

blank, further supporting our hypothesis.  
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Figure 2.6 TFA for understanding full-length and split-broccoli constructs. (A) Left- When full- 

length broccoli aptamer is thermally scanned, the fluorescence gradually drops, since the aptamer 

thermally denatures. Right- Spit aptamers don’t show significant difference in fluorescence, due 

to destabilized DFHBI binding pocket. (B) Fluorescence curves showing the clear difference 

between full-length and split aptamers. Sharp melting transition is observed for the full aptamer. 

(C) Derivative curve showing a sharp melting peak at ~ 44 °C for full-length aptamer, whereas no 

such peak was seen for the splits. (D) Isothermal fluorescence measurements confirming the TFA 

results.  

 
Since our goal was to develop a simple, mix-and-read signal turn on assay using the split 

broccoli aptamers, it is important that the assay functions at low volumes as well as considerably 

low probe concentrations. As shown in Figure 2.6, for 500 nM of aptamer splits we were able to 

observe a loss/ decrease in fluorescence. Therefore, we visualized that, even at reduced 
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concentrations we should be able to observe a difference between the thermal melt curves of full-

length and split broccoli aptamer. First, we performed isothermal measurements at 25 °C for full-

length broccoli having concentrations of 12.5, 25 and 50 nM. As shown in Figure 2.7A, compared 

to the blank (DFHBI 5 µM) we were able to observe a linear increase in fluorescence with 

increasing aptamer concentration. Next, we performed thermal scans for 25 and 50 nM of full-

length and split broccoli aptamers. As shown in Figure 2.7B and Figure 2.7C we were able to 

observe clear melting transition for full-length broccoli compared to its splits, where a melt peak 

was observed at ~ 40 °C for full-length aptamer. This suggested that we can use TFA to distinguish 

between the full-length and split aptamers, at considerably low concentrations.  

 
 
Figure 2.7 Comparison of low concentration broccoli aptamers. (A) Isothermal fluorescence 

shows that low concentration of full-length aptamers can be studied in buffer. (B) Thermal scan 

also shows that low concentrations of full-length broccoli aptamer can be distinguished from its 

splits. (C) The dF/dT curves further confirm the observations. 
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To utilize split broccoli aptamers in proximity-based assays, it is important that the splits 

are fused to target recognition elements such as small molecules, aptamers, peptides, or antibodies. 

With that in mind, we modified the split aptamers for thrombin detection. Thrombin aptamers A 

and B bind to two nonoverlapping epitopes of the thrombin molecule. Our group and others have 

used this system for thrombin detection leveraging proximity effect successfully, owing to the 

strong binding specificities of the two aptamers to thrombin 7, 17, 52. Therefore, we sought to use 

thrombin to demonstrate the proof-of-concept.  Specifically, we included a 15-nt RNA sequence 

to the 3’- and 5’- terminals of each split broccoli aptamer (split-1 and split-2 respectively) which 

was complementary to another 15-nt DNA sequence on thrombin aptamer A and thrombin aptamer 

B respectively (Figure 2.8A). The modifications were carefully done and analyzed on NUPACK 

open-source software to make sure that the 15-nt sequence would not interact with the individual 

aptamer sequences to form stable secondary constructs.  
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Figure 2.8 Thrombin sensing leveraging split broccoli aptamers. (A) Sensing principle. Thrombin 

aptamers (black) were hybridized to the split broccoli aptamers (beige) through 15bp. Top-

incubation with thrombin, brings the split aptamers to close proximity, which will form the DFHBI 

binding pocket, where DFHBI will light up. Thermal scanning would result in gradual decrease in 

fluorescence, due to melting of split aptamers and destabilization of fluorophore binding pocket. 

Bottom- In the absence of thrombin, the split aptamers will not be able to hybridize and form the 

DFHBI binding pocket, as the aptamer strands are placed far apart from each other. (B) Isothermal 

fluorescence measurements for system depicted in (A) above. Split aptamer, hybridized to 

thrombin aptamers are 25 nM. The concentration of thrombin measured is 50 nM. (C) Isothermal 
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fluorescence for aptamer constructs having 50 nM concentration, with 100 nM thrombin detected. 

As observed, for both (B) and (C) above, fluorescence of DFHBI in the presence of thrombin is 

comparable to that of the blank, indicating that DFHBI binding pocket has not formed. 

 
A substantial disadvantage of using RNA for bioassays is its instability. RNAs are usually 

more unstable than DNA due to it being prone to rapid degradation by RNase enzymes 2. For our 

initial experiments thus far, we utilized commercially synthesized RNA strands, which were 

aliquoted and stored at -80 or -20 °C, till further use. However, we noticed that aliquots cannot be 

used over longer period as observed by the fluctuating fluorescence measurements. To confirm 

this, we compared an older aliquot (placed in ~2 °C – 8 °C for ~ 2 months) with a fresh aliquot 

stored at either -20 °C or -80 °C. Herein, isothermal fluorescence measurements were performed 

for two concentrations of full-length broccoli aptamer (20 and 40 nM) of a new and older aliquot. 

The older samples exhibited poor fluorescence compared to the newer aliquots which indicated 

possible RNA degradation (Figure 2.9). Since purchasing synthetic RNA can be costly, we opted 

to synthesizing the broccoli aptamers (full-length, splits and modified splits) in the lab using 

commercially available in vitro transcription kit, as described in the methods section above. The 

benefit of this method is that from a small amount of DNA template, few micrograms of RNA can 

be synthesized with considerable purity and less effort. Therefore, for all other experiments which 

precedes, we utilized in-lab synthesized RNA strands.  



67 
 

 

Figure 2.9 Stability comparison of RNA aliquots. Isothermal fluorescence measurements were 

performed for a new and older aliquot of full-length broccoli aptamer, where we observed 

significant drop in fluorescence signal for the older aliquot, which was indicative of RNA 

degradation. 

 

Following in vitro transcription, as shown in Figure 2.8A, we incubated the split broccoli 

aptamers with the respective thrombin aptamers. We hypothesized that binding of these thrombin 

aptamers to thrombin would bring the two split broccoli strands to close proximity and form the 

DFHBI binding pocket, leading to an enhanced fluorescence which will be comparable to that of 

the full-length broccoli aptamer. However, the isothermal fluorescence measurements showed that 

irrespective of the presence or absence of target (thrombin), DFHBI fluorescence was not restored 

and was comparable to the intensity of free DFHBI in solution (Figure 2.8B and Figure 2.8C). 

For further confirmation, we used a DNA loop as a target (Figure 2.10A). As illustrated, in the 

presence of loop, we would expect the reassembly of split broccoli. However, similar to thrombin 

experiments we did not see an increased fluorescence as hypothesized, which implied that the split-

broccoli aptamer wasn’t reassembling the binding pocket of DFHBI. Further, we performed 
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thermal scans for both the thrombin and DNA loop systems. Herein, similar to the isothermal 

fluorescent measurements, we didn’t observe clear melting, which implied the reassembly of 

broccoli splits did not take place (Figure 2.10B and Figure 2.10C). However, the TFA results 

marginally suggests that there is a possibility of the split aptamers reforming, since it can be 

observed that split broccoli in the presence of thrombin or DNA loop shows higher fluorescence, 

in comparison to the aptamers without the respective targets. 
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Figure 2.10 (A) Detection of a DNA loop as target leveraging designed split broccoli aptamers. 

Top- The DNA loop is expected to bring the splits closer and turn on DFHBI fluorescence. Bottom-

In the absence of DNA loop, the DFHBI binding pocket will not be formed, as the splits cannot 

reassemble. (B) DNA melt curve for split aptamers, where DNA loop was used as the target. (C) 

DNA melt curve for the split aptamers, where thrombin was used as the target. For both (B) and 

(C) above, although obvious melt curves were not seen, the melting transitions of split aptamers 

in the presence of respective targets are slightly higher and steeper that the aptamers in the absence 

of target. 

 
2.4 Conclusions 
 
               In this chapter, we have attempted the design of a proximity assay using the 

complementation of split broccoli aptamer in the presence of a target analyte (thrombin or DNA), 

using TFA.  Although splitting the full-length 49-nt broccoli aptamer at functionally minimal loop 

into two fragments resulted in destabilizing the fluorophore (DFHBI) binding pocket, in the 

presence of target the splits did not seem to reassemble. Furthermore, from the TFA data it was 

evident that although melting transitions were clearly visible for full-length broccoli and changes 

in melting transitions of the full-length aptamer was discernible from the split aptamers, the 

fluorescence measurements (raw fluorescence) was observed at the detection limit of the BioRad 

qPCR instrument. Therefore, limitations in the instrument’s optical system did not permit the 

successful identification of minute changes. However, the results marginally suggested that the 

split aptamers might be binding weakly to form the DFHBI binding pocket and stabilizing the 

DFHBI molecule weakly. Also, although the aptamer was split at a loop, it might be important to 

pay closer attention to its functionality and assess its contribution towards stability, although it 

was placed far from the presumed G-quadruplex binding pocket of DFHBI. It is possible that, 

splitting at that region disrupts its thermodynamic stability, hampering proper folding of the split 

aptamer even in the presence of target analyte. 
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Chapter 3  
 

Thermofluorimetric Analysis (TFA) using Probes with Flexible Spacers: Application to 

Direct Antibody Sensing and to Antibody-Oligonucleotide (AbO) Conjugate Valency 

Monitoring 

 

This chapter is adopted from the submitted publication “Thermofluorimetric analysis (TFA) 

using probes with flexible spacers: application to direct antibody sensing and to antibody-

oligonulceotide (AbO) conjugate valency monitoring” (Kurian, A. S. N., Gurukandure, A., 

Dovgan I., Kolodych, S. and Easley, C. J. ChemRxiv 2023)  

 
3.1 Background 
 

Protein molecules serve as crucial biomarkers which aid in understanding complex 

metabolic processes, disease diagnosis, and drug discovery 1-4. During onset of a disease, 

pathologically important proteins are produced by the body at extremely low concentrations and 

released to body fluids 4. Thus, it is vital to establish highly sensitive and specific detection 

platforms for protein biomarker sensing 1, 2, 4-6. Enzyme linked immunosorbent assay (ELISA) is 

considered as the gold standard for biomarker detection even to date, achieving picomolar (pM) 

detection limits with high specificity and flexibility 3, 5, 7. With its extensive application over 

several decades, ELISA has been evolved further to achieve even lower detection limits in 

techniques such as digital ELISA (SiMOA) and Alpha-LISA 8, 9. Despite the fM to pM range limits 

of detection (LOD) achieved, the methods still suffer from drawbacks such as inclusion of several 

time consuming and laborious washing steps, limited capability of multiplexing, requirement of 
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special reagents or specific equipment 6-8, 10. These limitations have created a substantial demand 

to explore alternative assays that are simpler, yet sensitive and specific, with single step (mix-and-

read) format and cost effectiveness 1, 5, 7, 10-12. 

  A step towards achieving this goal is to leverage nucleic acid hybridizations, to translate 

changes experienced by a biomolecule in response to binding with a specific target 13-17. This 

includes DNA walkers, DNA scaffolds, DNA nanostructures, and target induced DNA 

hybridization 12, 18, 19. Among the nucleic acid based sensors developed, target driven hybridization 

of affinity ligand tagged short DNA strands have demonstrated to be a promising technique 1, 12, 18, 

20-22. A key advantage of this technique is its simple mix-and-read format, which can be adopted 

to either a homogenous or surface based assay 1, 15, 20, 23-25. This proximity dependent annealing 

can be converted into a signal readout by coupling to fluorescent, electrochemical, or colorimetric 

detection platforms 5, 13, 18, 19, 26. 

For biomarker sensing in complex matrices, detrimental effects of serum autofluorescence can be 

rectified by employing chemiluminescence and time-resolved fluorescence, yet these techniques 

require special reagents and equipment 10, 26. Our group employs thermofluorimetric analysis 

(TFA) 10, 14, 20, 27 to simplify workflow and instrumentation needs. We have successfully 

demonstrated that analysis of DNA melt curves from standard real-time quantitative polymerase 

chain reaction (qPCR) instrumentation can be leveraged to assess analyte quantities (insulin, 

thrombin, and cyclic AMP), allowing a more straightforward differentiation between signal (target 

dependent annealing) and background (target independent annealing) 10, 14, 20, 27. This TFA 

technique repurposes commonly used qPCR instruments to generate dF/dT melting curves, 

allowing mix-and-read workflows, analytical (not physical) separation of complexes, and removal 

of autofluorescence in complex biological matrices such as plasma or serum. 
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  Antibodies, a subclass of proteins generated by the immune system in response to foreign 

antigens, are important as disease-related biomarkers or therapeutic agents, especially in the field 

of oncology 1, 18, 28, 29. In parallel, antibodies have found widespread use as bioanalytical probes 

for assays such as ELISA, SiMOA, and Alpha-LISA, and antibody-oligonucleotide conjugates 

(AbOs) have been employed in other enzyme-linked oligonucleotide assays (ELONA) 30 and in 

many proximity dependent annealing assays5, 13, 26, 30. To develop simpler and sensitive analytical 

tools for antibody detection and for AbO conjugate characterization, herein we present two novel 

TFA based approaches with mix-and-read workflow. First, we leverage proximity-based assembly 

of antigen-tagged, short DNA strands to promote quenching of fluorescence upon antibody 

binding. The antibody assay is functional in both buffer and human plasma samples. Interestingly, 

we found that DNA probe flexibility is a critical parameter in such assays. Conformational rigidity 

of antibody-bound probe complexes was reduced using polyethylene glycol (PEG) spacers in the 

DNA strands, rendering considerable flexibility to the system and giving more efficient DNA 

hybridization and significantly improved signal. We then adapted this improved TFA system to 

study AbO conjugate valency, permitting clear discrimination of monovalent from multivalent 

AbOs. These more flexible, mix-and-read antibody and AbO conjugate sensors based on TFA 

should be applicable for quantifying various other antibodies and AbOs in the future. 
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3.2 Materials and reagents 
 
3.2.1 Reagents 
 

Customized DNA strands were purchased from Integrated DNA Technologies (IDT) 

(Coralville, Iowa). Monovalent insulin antibody oligonucleotides were custom synthesized by 

Syndivia (Strasbourg, France). Multivalent insulin antibody oligonucleotides were custom 

synthesized by Mediomics, LLC (St. Louis, MO) using anti-insulin antibodies (clones 8E2 and 

3A6) purchased from Fitzgerald Industries. Human insulin solution was purchased from Millipore 

Sigma. DNA strand sequences are given in Table 3.1.  Sodium chloride, magnesium chloride 

hexahydrate, bovine serum albumin and tris (hydroxymethyl) aminomethane were purchased from 

OmniPur. Potassium chloride was obtained from BDH. Calcium chloride dihydrate, HEPES (4,2-

hydroxyethyl-1-piperazineethanesulfonicacid), and thrombin (from human plasma) were 

purchased from Sigma Aldrich (St. Louis, Missouri).  Anti-digoxigenin antibody (mouse 

monoclonal) was purchased from Roche, and human plasma was purchased from BioIVT. Buffers, 

anti-digoxigenin and thrombin were prepared in DNase, RNAse free UltraPure distilled water 

(ThermoFisher Scientific, Invitrogen brand). For thermal scans in TFA the BioRad RT-qPCR 

instrument (CFX 96) or ABI 7500 (ThermoFisher Scientific, Applied Biosystems brand) real time 

PCR machine was used. 
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Sequence name Sequence (5’ to 3’) 

DNA loop TAGGAAAAGGAGGAGGGTGGCCCACTTAAACCTCAATCCACC
CACTTAAACCTCAATCCACGCGGAUUUGAACCCUAACG 
 

Split loop-1 CCCACTTAAACCTCAATCCACGCGGATTTGAACCCTAACG 
 

Split loop-2 TAGGAAAAGGAGGAGGGTGGCCCACTTAAACCTCAATCCA 
 

Digoxigenin tagged DNA 

(Dig-DNA-1) 

/5DiGN/CCCACTTAAACCTCAATCCACGCGGAUUUGAACCCUA
ACG 
 

Digoxigenin tagged DNA 

(Dig-DNA-2) 

TAGGAAAAGGAGGAGGGTGGCCCACTTAAACCTCAATCCA/3D
iG_N/ 
 

Thrombin aptamer (Thr1) AGTCCGTGGTAGGGCAGGTTGGGGTGACTTTTTTTTTTTTTTTT
TATATTTTTTTTTTCTCGCGGAUUUGAACCCUAACG 
 

Thrombin aptamer (Thr2) TAGGAAAAGGAGGAGGGTGGGATTGGTGTGTGTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTGGTTGGTGTGGTTGG 
 

FAM-DNA CCACCCTCCTCCTTTTCCTATCTCTCCCTCGTCACCATGC/36-
FAM/ 
 

Quencher-DNA /5IABkFQ/GCATGGTATTTTTCGTTTTTTCGTTAGGGTTCAAATC
CGC 
 

PEG modified FAM-DNA 

(PEG-FAM-DNA) 

CCACCCTCCTCCTTTTCCT/iSp18/iSp18/iSp18/iSp18/ACCATGC/36
-FAM/ 
 

PEG modified quencher-DNA 

(PEG-Q-DNA ) 

/5IABkFQ/GCATGGT/iSp18/iSp18/iSp18/iSp18/CGTTAGGGTTCAA
ATCCGC 
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Table 3.1 DNA sequences used in this study 

 
3.2.2 TFA using DNA loop as target 
 

Stock solutions of all DNA strands purchased from IDT were dissolved in the company’s 

IDTE buffer (pH 7.5). All working solutions of DNA were prepared in tris assay buffer (50 mM 

Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM MgCl2 and 0.1% BSA). For experiments using DNA loop 

as target, the total volume of an assay tube was 20 µL. Specifically, 10 µL of DNA loop solution 

was mixed with 5 µL each of probe DNA (FAM and quencher tagged strands), to result in a final 

concentration of 40 nM loop, 60 nM FAM-DNA, and 60 nM quencher DNA. The background was 

prepared by mixing 5 µL of each probe DNA solution with 5 µL of each split loop. The final 

concentrations were 40 nM split loop (each strand), 60 nM FAM-DNA, and 60 nM quencher DNA. 

A control solution was prepared by diluting FAM DNA in assay buffer to a final concentration of 

60 nM. This was used as the fluorescence maximum. A 20 µL solution of assay buffer was used as 

a blank. All tubes after mixing were incubated at room temperature for 30 min. The solutions were 

then placed in the RT-qPCR instrument (Bio-Rad CFX96) for thermal scanning and fluorescence 

readout. Here, the solutions were further incubated at 4 °C for 10 min, followed by thermal 

scanning from 4 °C to 70 °C, with a 0.5 °C increment and 10 s equilibration time between each 

Monovalent insulin antibody 

oligonucleotide (1) 

/5DBCON//iSp18/CCC ACT TAA ACCTCA ATC CAC GCG GAU 
UUG AAC CCU AAC G 
 

Mono:Insulin Antibody 

oligonucleotide (2) 

TAG GAA AAG GAG GAG GGT GGC CCA CTT AAA CCT CAA 
TCC A/iSp18//3DBCON/ 

 
 

Multivalent Insulin AbO (1) 5AmMC6//iSp18/ CCC ACT TAA ACCTCA ATCCAC GCG GAU 
UUG AAC CCU AAC G 

Multivalent Insulin AbO (2) TAG GAA AAG GAG GAG GGT GGC CCA CTTAAA CCT CAA 
TCC A /iSp18//3AmMO/ 
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interval. The FAM channel in the instrument (λem= 522 ± 8 nM and λex = 470 ± 20 nM) was used 

to measure fluorescence intensity for all experiments. 

 

3.2.3 TFA for antibody detection 

Anti-digoxigenin (anti-dig) antibody samples used in the assay were diluted using tris assay 

buffer. Total assay volume for anti-dig based TFA was 30 µL. Specifically, 10 µL of anti-dig 

solution was mixed with 5 µL of each probe DNA (FAM-DNA and quencher-DNA) and 5 µL of 

each digoxigenin tagged DNA (dig-DNA-1 and dig-DNA-2). The background was prepared by 

mixing 5 µL each of FAM-DNA, quencher-DNA, dig-DNA-1, and dig-DNA-2. Background (0 

nM anti-dig) did not include anti-dig solution, but instead included 10 µL of buffer. In each case, 

final concentrations of all four DNA strands in assay solution was 60 nM. Final concentrations of 

anti-dig solutions were 30 nM or 40 nM. A maximum fluorescence control was prepared using 

FAM-DNA solution at 60 nM, and a 30 µL buffer solution was used as the blank. Initially, all four 

DNA strands were mixed and incubated at room temperature for 30 min. Anti-dig was added 

afterwards and incubated for 15 min at 37 °C. Following this step, samples were transferred into 

the RT-qPCR instrument for TFA. The samples were incubated at 4 °C for 10 min, followed by 

thermal scanning from 4 °C to 70 °C, with 0.5 °C increment and 10 s equilibration time between 

each interval. The FAM channel was selected for measuring fluorescence emission, as before. 

 

3.2.4 Calibration curve for anti-dig detection 

A series of anti-dig solutions were analyzed through TFA, using the method described 

above. These were prepared in assay buffer and mixed with probe DNA solutions and dig-tagged 

DNA solutions to result in final concentrations ranging from 0-64 nM. The final assay volume was 
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30 µL. Final concentrations of FAM-DNA, quencher-DNA, dig-DNA-1, and dig-DNA-2 were 64 

nM. A maximum fluorescence control was prepared using FAM-DNA solution at 64 nM, and a 30 

µL buffer solution was used as the blank. 

3.2.5 Anti-dig detection in human plasma 

TFA experiments were performed to detect antibodies in 90% human plasma. The total 

assay volume was 30 µL, where 27 µL of human plasma solution was mixed with a 3 μL mixture 

having the four DNA strands and anti-dig antibody. The final concentrations of the probe DNAs 

and digoxigenin tagged DNAs were 64 nM. Two concentrations of anti-dig (32 nM and 50 nM) 

were analyzed in plasma. The background sample was prepared by mixing the probe DNAs and 

digoxigenin tagged DNAs in plasma solution and did not include anti-dig. Two controls were used 

in this case. A fluorescence maximum was prepared by diluting the FAM-DNA strand in assay 

buffer, followed by plasma, to yield a final FAM-DNA concentration of 64 nM in 90% human 

plasma. A fluorescence minimum was prepared by mixing assay buffer and plasma only, to obtain 

a 90% plasma solution. In parallel to plasma experiments, the similar concentrations of anti-dig 

were analyzed in assay buffer. The TFA measurement procedure was performed as mentioned 

previously.  

 

3.2.6 Thrombin sensing with TFA 

 To provide a proximity assay platform for comparison, the above methodology was also 

used to detect thrombin, using a labeled aptamer pair. Working solutions of thrombin, its aptamers 

(ThrA, ThrB), and probe DNAs were prepared in thrombin assay buffer (TAB) (50 mM tris-HCl, 

pH 7.5, 100 mM NaCl, 50 mM KCl, 1 mM MgCl2 and 0.1% BSA). The final assay volume was 

30 μL. Two different concentrations of thrombin (10 μL) were incubated with a mixture of the two 
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probe DNAs and 5 μL each of the two thrombin aptamers (ThrA and ThrB). The background 

included all four DNA strands in TAB without thrombin protein. Final concentrations of thrombin 

in assay solutions were 30 nM or 40 nM, whereas the probe DNAs and thrombin aptamers were 

60 nM each. The control was prepared by diluting FAM-DNA to a final concentration of 60 nM 

in TAB. The TFA measurement procedure was performed as mentioned previously. 

 

3.2.7 Antibody oligonucleotide (AbO) valency comparison 

Working solutions of monovalent AbOs, multivalent AbOs, DNA loop (control 

experiment), signaling DNA, and insulin were prepared in BMHH buffer (HEPES 10 mM; pH 7.5, 

125 mM NaCl, 5.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 0.1% BSA). First the two types of 

AbOs were incubated individually with FAM-DNA and quencher-DNA for 30 min at room 

temperature, followed by incubation with insulin for further 20 min at 37 °C. The final 

concentrations of monovalent or multivalent AbOs, FAM-DNA, and quencher-DNA were 25 nM, 

where insulin was 20 nM. When used, Loop-DNA was also diluted to 25 nM. The final assay 

volume was 20 µL. A FAM-DNA control and a buffer blank were used as described above. All 

these samples were transferred to the ABI real time PCR instrument (due to later malfunctions in 

the other instrument) for TFA. Samples were further incubated at 4 °C (10 min), followed by 

thermal scan from 4 to 70 °C (1% setting, 10 s equilibration), with a temperature ramp between 

0.36 and 0.38 °C s-1. 
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3.2.8 Polyacrylamide gel electrophoresis (PAGE) of AbO conjugates 

 Purification PAGE protocol: AbOs (0.6 - 1.3 nmol) were mixed with 4x Laemmli 

sample buffer and were purified with Tris-Glycine (pH 8.5) PAGE (5%) in a 1.5 mm gel using 40 

µL of sample per well. Separations were run at 200 V for 40 min. The product-containing bands 

were cut from the gel using a scalpel and extracted by passive diffusion in phosphate-buffered 

saline (PBS) buffer (1x; pH 7.4) overnight. The samples were filtered through 0.22 µm filters and 

were concentrated using a VivaSpin column (0.5 mL; MWCO: 30 kDa) before analysis by 10% 

PAGE (below). 

 Analytical PAGE protocol:  9 µL (6 pmol) of the conjugates (0.1 g L-1 of protein 

content) were mixed with Laemmli sample buffer (3 µL, 4x, containing 10x SYBR Gold) and 

analyzed with Tris-Glycine (pH 8.5) PAGE (10%) using 12 µL of sample per well. Separations 

were run at 200 V for 40 min. 

 

3.2.9 Data analysis 

Data processing was done using Microsoft Excel. Raw fluorescence signals versus 

temperature, obtained from a qPCR instrument, were first background corrected using a buffer 

blank solution, then normalized to the high temperature data, then normalized again using signal 

from a free FAM-DNA solution. These data were differentiated by calculating the dF/dT, and 

dF/dT difference curves were also used in some analyses (Figure 3.1) 
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Figure 3.1  Data analysis demonstration using DNA loop samples, using Microsoft Excel (A) Raw 

fluorescence data obtained from qPCR instrument. (B) Subtraction of buffer fluorescence from 

each set of data, to correct for instrument background (black trace). (C) Normalized fluorescence 

of each set of data, to the average fluorescence values in 68 to 70 °C range. (D) Each set of data is 

corrected to the maximum fluorescence of the FAM strand (green trace). (E) A 13-point Savitzky-

Golay filter was used to obtain the first derivative curve, dF/dT from the data set in (D) above. (F) 
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Subtraction of blank dF/dT curve (light blue trace), from derivative data obtained in (E) above. 

The appearance of two peaks in low temperature and high temperatures clearly indicates the 

proximity dependent changes. (Similar data analysis was performed for both anti-digoxigenin and 

thrombin detection). 

 
3.3 Results and discussion 
 
3.3.1 System designs 
 

Inspired by our previous work on the electrochemical proximity assay (ECPA) and 

Heyduk’s molecular pincer assay, we have developed a Förster resonance energy transfer (FRET) 

based assay for antibody sensing, leveraging thermal denaturation curves of DNA 5, 15, 26, 31. Herein, 

the antibody sensing system carries four DNA strands, where two are labelled with small antigen 

molecules that bind to an antibody (Figure 3.2A). The remaining two strands act as signaling 

oligonucleotides. One end of each strand is labelled with a fluorescent molecule (FAM) or 

quencher molecule (BHQ), with 7 bases complementary to each other. The opposite ends of the 

two signaling strands are complementary to the antigen labeled strands, through 20 base pairs (bp). 

Addition of target antibody results in the spontaneous binding of antigens, which brings the FAM 

and quencher labelled strands into close proximity. Due to the drastic increase in local 

concentrations of the two signaling oligonucleotides, the short 7 bases undergo hybridization, 

leading to quenched fluorescence. This target-induced hybridization of short DNA strands results 

in a more entropically stable complex, which is analogous to a stem loop 22. Thermal scanning of 

this system will result in denaturation of the 7 bp and eventually restore fluorescence.  
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Figure 3.2 General mechanisms for proximity-based antibody or AbO conjugate sensing, 

leveraging TFA. (A) Spontaneous binding of antigens to the two paratopes of the antibody analyte 

promotes hybridization of signaling oligos, leading to quenched fluorescence. Without antibody, 

signaling oligos are most stable in the unhybridized form (leftmost). (B) Similar signaling probes 

can be used to detect protein analytes or AbO conjugates. Relative quantities of all of these 

complexes can be studied by thermal melting and TFA. 

 
The second system presented in this work uses similar signaling DNA strands based on 

FAM-labeled DNA and a quencher-labeled DNA, yet in this case the FRET signal reports either 

the presence of a protein analyte or and AbO conjugate (Figure 3.2B). In further work discussed 

below, this proximity assay system is used in a unique fashion to evaluate the valency of the AbO 

conjugates. 
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3.3.2 TFA using DNA loop as target 
 

Initially, to experimentally mimic the probe-target proximity complexes (signal) in Figure 

3.2, we used an 80 nucleotide (80-nt) DNA loop. As given in Figure 3.3A, the DNA loop carried 

20-nt complementary regions at both ends, designed to bind the probe (signaling) DNAs. 

Incubation of the DNA loop with probe DNAs led to stabilization of the 7 bp segments, akin to 

intramolecular hybridization. This resulted in FRET based quenching. Split loop strands (40 nt 

each) bound to probe DNAs, mimicking the background complex, which is formed because of 

intermolecular hybridization. Considering the innate stability of intramolecular over 

intermolecular hybridization, the signal molecule will possess a higher melting temperature (Tm) 

than the background 22, 27. By analyzing the differential melt curves (dF/dT), we were able to 

observe a clear separation between signal and background melt peaks at ~43 °C and ~20 °C 

respectively (Figure 3.3B).  
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Figure 3.3 Use of a DNA loop-based experimental model to mimic probe-target interaction. (A) 

80 nt DNA loop mimicked the signaling complex (top) and a split version of the loop, carrying 

two 40 nt DNA strands, mimicked the background complex (bottom). (B) dF/dT curves which 

show a clear loop-dependent signal and background peak separation at high (~43 °C) and low (~20 

°C) temperatures. 
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3.3.3 TFA for antibody detection 
 

Since experiments with the DNA loop model were successful, we advanced forward by 

modifying the system for antibody detection. To do so, we used the anti-digoxigenin antibody 

(anti-dig) and its antigen, digoxigenin (dig). As shown in Figure 3.2A, spontaneous binding of 

dig-labelled signaling DNA to anti-dig should lead to quenching of fluorescence. This signaling 

complex, like the DNA loop model, should be more stable compared to the background complex. 

The background complex is formed through hybridization of two dig-labelled signaling DNA only 

(i.e. in the absence of anti-dig) (Figure 3.4A). Therefore, when analyzing dF/dT curves, similar to 

the loop, we should be able to observe two melt peaks:  a high Tm corresponding to the signal and 

a low Tm corresponding to the background. However, when interpreting both fluorescence and 

dF/dT curves for this assay, we did not observe an obvious change in the melt transition (compared 

to control, FAM-DNA) or an obvious melt peak at higher temperatures (which should correspond 

to the “signal”) (Figure 3.4B and 3.4C). Although there may have been a slight antibody-

dependent shoulder present near the background Tm, the overall quenching efficiency of the system 

was observed to be only ~5% to 8%. Together, these results suggested that the assay developed for 

antibody detection was not functioning as hypothesized.  
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Figure 3.4  Antibody sensing with TFA without flexible linkers. (A) Mechanism for antibody 

sensing using anti-dig and digoxigenin. Signaling complex is formed as a result of antibody 

binding (top) and background complex is formed in the absence of target antibody (bottom). (B) 

Normalized fluorescence showed poor quenching, and (C) dF/dT curves did not show an obvious 

signal peak at high temperatures, although a background peak at ~23 °C was present. 
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3.3.4 Assay improvement through probe flexibility 
 

We reasoned that poor quenching was a result of weak hybridization between the shorter 7 

bp region of the signaling strands. As shown in Figure 3.5A (left), a 14-nt ssDNA linker separates 

the 20-bp complementary region (to dig-labelled DNA) from the shorter 7 bp region of the 

signaling DNA strand. The complete length of the DNA strands (dig-DNA hybridized to signaling 

DNA) is theoretically longer (~30 nm) than the maximum distance (~15 nm) separating the two 

paratopes and should therefore, ideally allow the 7 bp to hybridize32. However, we hypothesized 

that the conformational rigidity imposed on the system due to the use of four DNA strands may be 

preventing the efficient hybridization of the shorter 7 bp region. More specifically, the 14-nt 

ssDNA (~8.8 nm) linkers of the signaling DNA strands were perhaps too rigid to promote 

annealing of the 7 bp. Therefore, we assumed that if this ~8.8 nm linker was made more flexible, 

efficient binding could be promoted and result in increased quenching (i.e. higher FRET 

efficiency) of the sensor in the presence of target antibody. 

  Polyethylene glycol (PEG) linkers have been used in instances where protein molecules 

such as enzymes or antibodies are required to be attached with oligonucleotides, such that 

sufficient flexibility to the system is introduced. The Heyduk group used PEG linkers in their 

FRET-based sensors to improve assay performance, since it considerably reduced steric effects 23, 

26, 31, 33, 34, and the Plaxco group also used this approach to increase current response in 

electrochemical antibody sensors35. Therefore, as a potential improvement to our system’s design, 

we substituted the ssDNA linker (~8.8 nm) with a similar length of commercially synthesized DNA 

with PEG spacers (~9.6 nm) (Figure 3.5A, right). This modification also reduced the molecular 

weight of the linker by ~3.4 fold. In comparison to the original TFA based assay, a drastic increase 

in quenching efficiency was observed (from ~8% to ~40%) using the PEG spacers (Figure 3.5B). 
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Additionally, we began to observe two clear melt peaks in the dF/dT curves, one at ~23 °C 

(corresponding to the background) and another new peak at higher temperature of ~40 °C 

(corresponding to the signal) (Figure 3C). The Tm of the background peak with PEG spacers was 

essentially equivalent to that of the more rigid ssDNA spacers, which would be expected since 

background 7 bp annealing should be independent of spacer flexibility. It is noteworthy that the 

dF/dT peaks for background at ~23 °C were also more intense using the flexible probes (0.011 in 

Figure 3.5C versus 0.003 in Figure 3.4C); this represents another advantage from an assay 

standpoint. We have not yet performed extensive modeling of the complex formation and equilibria 

involved, thus the reasoning for this increase is still under investigation. The working hypothesis 

is that the equilibrium is shifted further toward signal complexes by using flexible linkers on the 

probes, thereby further stabilizing background complexes as well.  

Based on previous studies of proximity assay systems22, 27, 34 the new signal peak at ~40 °C 

in Figure 3.5C indicates that the PEG spacers introduced further entropic stabilization to the full 

proximity complex. For additional confirmation, this effect was validated with our previously 

developed assay system 27, a thrombin-sensing proximity assay using aptamer probes. As shown 

in Figure 3.6 and the accompanying text, flexible PEG spacers improved the thrombin proximity 

assay in a similar fashion, increasing TFA peak heights and providing further distinction between 

signal and background peaks. 
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Figure 3.5 (A) The relative rigidity of the ssDNA linker likely prevents efficient hybridization of 

the 7 bp (left). Substitution of 14 nt ssDNA linker with PEG spacers promoted efficient 

hybridization (right). (B) PEG modification led to efficient quenching of fluorescence at lower 

temperatures (left), and dF/dT curves now showed two melt peaks at high and low temperatures, 

corresponding to signal and background respectively. 
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Figure 3.6 Assay response to thrombin, pre- and post-modification with PEG spacers. (A) 

Fluorescence curves showing poor quenching with ssDNA spacers. (B) Derivative curve does not 

show clear signal peaks at higher temperatures. (C) PEG spacers resulted in more efficient 

quenching post-modification, as hypothesized. (D) dF/dT curves with PEG spacers showed clearly 

defined background and signal peaks, which were concentration dependent. 

 
The sensor with more flexible probes (Figure 3.5A) was then calibrated for antibody 

quantification. As the concentration of the anti-dig analyte was increased, not only did the peaks 

shift to higher temperatures, but also an increase in peak heights at ~40 °C and decrease in peak 
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heights at ~23 °C were observed. This indicated that the developed TFA based sensor was 

responding to target concentrations, as expected (Figure 3.7A, left). Further treatment of data, i.e. 

subtraction of background (0 nM anti-dig) derivative from the target derivative curves also 

demonstrated a clear growing minima and maxima for the background and signal curves 

respectively, in a concentration dependent fashion (Figure 3.7A, right). Followed by this, we 

assessed the limit of detection (LOD) of the system to be 7 nM of anti-dig, based on 3σ of the 

blank (Figure 3.7B).  

 

Figure 3.7 (A) dF/dT curves from anti-dig detection in buffer. Concentration dependent changes 

in background and signal peaks (left). Background subtracted dF/dT curves show clear differences 

in signal and background in response to anti-dig (right), a key feature in discriminating signal from 

background in complex matrices. (B) Calibration curve obtained by subtracting the minimum peak 

height (background) from corresponding maximum peak height (signal). (C) Detection of anti-dig 

in 90 % human plasma. Inset shows a clear differentiation of signal and background after 

background correction.  
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3.3.5 Antibody sensing in human plasma 
 
  Although a number of promising FRET based techniques have been developed for antibody 

detection, their applications are often hampered in biological fluids due to enzymatic degradation 

of samples and autofluorescence. While methods have been adopted to minimize enzymatic 

degradation, autofluorescence still makes it challenging to analyze targets in biological fluids. As 

mentioned earlier, a key advantage of TFA is its ability to negate effects of autofluorescence 10, 14, 

27. Here, we applied the developed assay to detect anti-dig mixed in minimally diluted, 90% human 

plasma. As shown in Figure 3.7C, we were able to observe two clear melt peaks for 32 nM and 

50 nM anti-dig in 90% plasma, in a concentration dependent manner.  

 

3.3.6 Application of TFA to the study of antibody oligonucleotide (AbO) conjugate 
valency 

 
Antibodies produced by the immune system are not only relevant as analytes, but they are 

also used in detecting other clinically relevant biomarkers. With the development and evolution of 

sandwich immunoassays, antibodies have been used to detect targets such as small molecules, 

proteins, cells, and viruses 36. Antibodies have also been coupled to oligonucleotides (AbOs), and 

these conjugates are extensively used in proximity-based analyte detection 10, 15, 31, 36-38. Although 

these constructs are useful in analyte sensing, assay sensitivity can be compromised when 

multivalent AbOs result in increased target-independent DNA hybridization (background). The 

degree of degree of conjugation (DoC) defines the average number of DNA strands bound to an 

antibody molecule 20, 36, and AbOs with DoC > 1 are usually less desirable for assay systems than 

those with DoC = 1.  

 Typically, cumbersome gel-based separations (as in Figure 3.10) that require larger reagent 

volumes are used to study AbO valency. Here, we show that our TFA approach can be useful as an 
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alternative, simplified readout with minimized reagent consumption. A proximity FRET 

immunoassay protocol for insulin sensing was designed (Figure 3.2B and Figure 3.8A), which 

was similar to previous studies 10, 16, 31 except for the inclusion of the flexible linkers. Custom 

synthesized and purified monovalent insulin-binding AbOs (DoC = 1) were prepared, and FRET 

probes with flexible PEG linkers were used for TFA studies to determine signal and background 

levels. Both multivalent and monovalent AbOs were used for comparison (Figure 3.8A). TFA 

studies were also carried out using a DNA loop as a control system that should more closely 

resemble monovalent AbO probes with DoC = 1.  

TFA data from thermal scans are shown in Figure 3.8B-E. The DNA loop (Figure 3.8B) 

behaved as expected—similar to the system in Figure 3.3B—where the split loop resulted in only 

one background peak at ~22 °C, while the complete loop gave two peaks, i.e. background (~22 

°C) and signal (~50 °C) peaks. Monovalent AbOs (Figure 3.8C) exhibited a very similar 

background peak at ~24 °C. Upon addition of 20 nM insulin analyte, while there was not a clearly 

observed signal melting peak, the intensity around 50 °C shifted higher than the background, and 

the background peak at ~24 °C shifted lower. Additional dF/dT difference data is shown in Figure 

3.9, confirming the insulin responsiveness. Multivalent AbOs (Figure 3.8D) were less responsive 

to insulin, and the background peak was much wider and appeared to contain a mixture of distinct 

complexes. Interestingly, it appeared that TFA peak widths (in dF/dT curves) were more useful at 

distinguishing monovalent from multivalent AbOs. As seen in the TFA data and highlighted further 

in Figure 3.8E, when a more homogeneous population of probes was analyzed by TFA, e.g. the 

DNA loop or the monovalent AbOs, the background peak widths at half height were smaller (ΔT 

≈ 15 °C). By contrast, the heterogeneous, multivalent probes showed much wider TFA peaks (ΔT 

≈ 27 °C). 
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  Due to the limited availability and the difficulty in synthesizing monovalent AbOs, 

additional measurements were not carried out in this work. Although further optimization could 

feasibly be performed in future studies, these data do confirm that TFA, when using flexible PEG 

spacers in the DNA strands, can be a useful tool to screen for valency and purity of AbO conjugates. 

Along with the simple, mix-and-read workflow of TFA, the low cost of this approach is an 

advantage as well. TFA studies required only 0.5 pmol of AbO probes per well, while the analytical 

gel separation protocol (Figure 3.10 and methods) required 6 pmol of AbO probes per well. Our 

TFA approach thus gave a 12-fold reduction in the required amount for analyzing this precious 

reagent. 
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Figure 3.8 TFA with flexible linkers was validated for studying AbO conjugate valency. (A) 

Proximity immunoassays for insulin sensing were developed with both multivalent and 

monovalent AbOs containing flexible DNA linkers. Multivalent AbOs (top) can lead to more than 

one hybridization event per probe, while monovalent AbOs (bottom) should eliminate this 

possibility. (B) DNA loop control system, showing defined signal and background peaks. (C) TFA 

scans of monovalent AbOs were similar to the DNA loop, while (D) multivalent AbOs showed 

broad peaks and limited insulin response. (E) TFA peak widths at half height in dF/dT curves were 

useful for distinguishing the valency of AbOs.  
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Figure 3.9 AbO valency studies with dF/dT difference curves, where the background curve has 

been subtracted from the signal curve. (A) The curve for the DNA loop demonstrates a clearly 

separated minima and maxima curve corresponding to the background and signal, respectively. 

(B) In response to insulin addition, monovalent AbO constructs also demonstrated a similar dF/dT 

difference curve structure compared to the DNA loop, with a minimum corresponding to the 

background and a maximum corresponding to insulin-dependent signal complex. (C) While the 

dF/dT difference curve for multivalent insulin AbOs did indicate a possible signal peak around 55 

°C, the majority of the curve showed nearly a zero insulin-dependent change, and the overall 

structure of the curve was significantly different from the DNA loop control system. 

 

 
 
Figure 3.10 Gel images of monovalent insulin AbO. Analytical native PAGE 10% of: lane 1  - 

molecular ladder, lane 2 - anti-insuline Ab 3A6, lane 3 - AbO conjugate 3A6-ON2, lane 4 - anti-

insuline Ab 8E2, lane 5 - AbO conjugate 8E2-ON1, lane 6 - 8E2-ON1 + 1 equiv of ON2. The table 
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above gel shows amount of loaded protein per well: 1 ug of Ab = 7 pmol. The complementary 

ON2 was added (lane 6) to visualize better the SYBR Gold staining of 8E2-ON1 by forming a 

dsDNA-Ab conjugate. 

 
 
3.4 Conclusions 
 

This work reports several unique applications of thermofluorimetric analysis (TFA), which 

can be achieved with a fast, mix-and-read workflow using standard qPCR instrumentation. First, 

a new antibody sensing TFA assay was developed. During the assay development, it was 

discovered that flexible spacers (PEG) within the signaling DNA strands gave drastic 

improvements in the assay performance, an effect that we expect to be generalizable based on its 

similar performance in aptamer based assay (see supporting material). This TFA sensor should 

provide a fast, easily accessible technique for users to quantify antibody amounts. Secondly, a 

related TFA method was developed to evaluate antibody-oligonucleotide (AbO) conjugate 

valency, where clear discrimination of monovalent AbOs from multivalent AbOs was 

demonstrated using TFA peak widths, even with a 12-fold reduction in AbO amounts analyzed. 

To our knowledge, this is an entirely new application of TFA methodology, one which could be 

expanded on in future work. Perhaps this simple, mix-and-read approach could be used to evaluate 

a variety of other bioconguates that include oligonucleotides. Overall, this work has expanded 

upon the utility of TFA methods. 
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Chapter 4  
 

An Electrochemical Proximity Assay (ECPA) for Antibody Detection Incorporating 

Flexible Spacers for Improved Performance 

 
 
 

In this chapter, we introduce another application of the electrochemical proximity assay 

which was previously developed by our lab for insulin and thrombin detection 1-3, with a brief 

introduction to commonly use electrochemical techniques for electrochemical biosensor 

development. 

 
4.1 Commonly used electrochemical techniques in biosensor development 
 

In general, an electrochemical biosensor is referred to as a device which can provide either 

quantitative or semiquantitative information regarding the presence or absence of a target using a 

target recognition element in combination with an electrochemical signal transducer such as an 

electrode 4. These methods have high sensitivity with appreciable LODs and are amplification-

free, whilst being ideal for point of care, point of need sensor development and adaptable for 

resource poor settings. Kelly and coworkers categorized the commonly used electrochemical 

techniques into 5 main sections- conductometric, potentiometric, impedimetric, voltametric or 

amperometric, and field effect-transistors 4. In voltammetric biosensors, a potential is applied to 

the working electrode (WE), with respect to a reference electrode and current is measured. Current 

is generated at the WE surface as a result of oxidation or reduction of the reactant solution and is 

measured with the increase in potential. The generated current is usually proportional to the analyte 

concentration 4, 5. Commonly used voltametric techniques include- linear sweep voltammetry 
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(LSV), alternating current voltammetry (ACV), cyclic voltammetry (CV) and pulse voltametric 

techniques (differential pulse and square wave), anodic and cathodic stripping voltammetry 4.  

 

4.1.1 Cyclic voltammetry (CV) 
 

CV is a powerful and very famous technique used in biosensors. The current of a system 

is monitored while the potential applied at the WE is scanned in both forward and reversed 

directions. This is a common method which is used to monitor the oxidation or reduction of a 

specific molecule and also a valuable tool to studying catalytic reactions 4, 6. Advantages of this 

technique includes the extensive availability of simple instrumentation and ample theoretical 

background which aids the users to interpret data with less effort, making it a popular 

electrochemical technique amongst non-electrochemists 7. Although CV possesses these two key 

advantages, it also bears two major shortcomings. If the analyzing system carries two or more 

electroactive species, identification between them will be difficult if their charge transfer 

mechanisms exist too close to each other along the axis of scanned potential, which is attributed 

to peak asymmetry of the current vs voltage plot 7. Furthermore, only high analyte concentrations 

can be assessed by CV, which is a result of high capacitive current arising due to the linear potential 

scan over time 7. 

 

4.1.2 Square wave voltammetry 
 

In order to improve the speed and assay sensitivity, pulse voltametric techniques such as 

SWV and differential pulse voltammetry (DPV) have been introduced. The concept of DPV is to 

subtract the current measured right before a potential step, from the current measured after the 

potential step. To achieve this, the applied pulse potentials are superimposed into a staircase 
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(Figure 4.1) 8. Due to the pulsing technique, DPV and SWV are considered to be highly sensitive 

since the capacitive current tends to decay faster than the faradaic currents 8, 9. Therefore, such 

techniques have high signal to noise ratio 9. In SWV, the staircase pulse is combined with a square 

wave form. The current is generally measured only at the end of each pulsed potential cycle 

(Figure 4.2A) 10. Due current sampling at the end of a pulse, the capacitive current can be 

discriminated, improving signal-to-noise ratio resulting in higher assay sensitivity. Furthermore, 

sensitivity of SWV is improved due to the net difference between forward and reversed voltametric 

component (or currents) (Figure 4.2B) 10. The small increase in potential of a square wave cycle 

is controlled by the input step size. The time of one cycle is determined by the input frequency, 

which also governs the measurement time 9. Measurement is done at the end of each cycle, right 

before the next pulse. The rate of SWV is regulated by the frequency and step size 9. 

 

 
Figure 4.1 A typical DPV plot. Left-Superimposition of staircase ramp with a potential pulses. 

Right- E vs t post-superimposition. Reprinted with permission from reference 8. Copyright 2015, 

Springer Nature. 
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Figure 4.2 Square wave voltammetry. (A) Single potential cycle of a SWV, where current is 

measured at the beginning and end of a single pulse (B) A typical current vs potential diagram 

generated in a SWV. Both forward (blue) and reversed (green) currents are measured, to give the 

differential current (red). Reprinted with permission from reference 10. Copyright 2015, 

Macedonian Journal of Chemistry and Chemical Engineering. 

 

4.2 Background 
 

Biomarker concentration can be measured with simpler instrumentation as a function of 

current or impedance using electroanalytical methods. Specifically, DNA-driven electrochemical 

biosensors leverage the immobilization of oligonucleotide strands tagged with a redox reporter 

such as methylene blue (MB), 11, 12, or ferrocene13, 14 on a gold surface using a self-assembled 

monolayer15-18. When a potential is applied, subtraction of non-faradaic current can yield analyte-

dependent faradaic current. 19. Major advantages of electrochemical biosensors are easy-to-operate 

instrumentation, cost-effective sensing elements, and availability of various efficient and rapid 

transduction methods; 20-22 and the high sensitivity, good specificity, and compatibility with 

miniaturization have made electrochemical systems indispensable for point-of-care diagnostics. 23-

27. Different types of electrochemical sensors such as electrochemical aptamer-based sensors (E-

A B 
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AB),27-31, E-DNA scaffolds23, 32-34 molecular pendulum,13, and a bowtie-shaped DNA 

nanostructure for immunosensing 35-37, are promising for point-of-care measurements. Previously 

our group has reported the electrochemical proximity assay (ECPA) capable of detecting proteins 

as low as the fM range. 2. ECPA utilizes the proximity binding concept to move an electroactive 

species (MB) closer to the gold electrode in an analyte-dependent way. 1-3, 38. Target flexibility, 

reusability, high sensitivity, and wide dynamic range are notable strengths of the ECPA method. 

1, 3 

4.2.1 Electrochemical sensing of antibodies 
 

Antibodies are an important class of biomarkers which are produced in the human body in 

response to foreign antigens.   Immunity against an antigen can be confirmed by identifying the 

presence and quantifying the level of a specific antibody in the blood. Hence, the detection and 

quantification of antibodies in human blood is critical for monitoring progression of certain 

diseases 39, 40. To develop a simple yet sensitive analytical tool for antibody detection, here we 

present a novel iteration of ECPA, where the arrangement of the molecular complexes extends 

from our recently reported thermofluorimetric analysis (TFA) assays (see chapter 2 and 3) for 

antibody detection 41. The spontaneous binding of an antibody to DNA-analyte conjugates brings 

other signaling DNA strands closer to the electrode surface, leading to hybridization with the 

thiolated DNA. In turn, this brings the redox moiety (MB) closer to the surface, and resultant 

square-wave voltammetric (SWV) current is proportional to the antibody concentration. Compared 

to TFA, this electrochemical version of the antibody sensor exhibited better sensitivity and reduced 

assay time.   

Similar to our recent report using fluorescence sensing 41herein we emphasize the 

importance of DNA strand flexibility in assay performance. Probe flexibility was achieved by 
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incorporating polyethylene glycol (PEG) linkers33, 42-44into the DNA strands at selected regions. 

Results demonstrated clearly that including PEG significantly improved analyte-dependent 

currents. Interestingly, the placement of the spacers provided two distinct enhancements: improved 

DNA hybridization yield and increased SWV current. Within this chapter, using EC readout gave 

us a limit of detection (LOD) of 300 pM for anti-digoxigenin antibodies, and the system functioned 

well in both buffer and human serum. 

 
4.3 Methods and reagents 
 
4.3.1 Reagents 
 

Customized DNA strands were purchased from Integrated DNA Technologies (IDT) 

(Coralville, Iowa), Biosynthesis (Lewisville, TX) and Biosearch Technologies (Novato, CA). The 

DNA strand sequences are given in Table 4.1. Sodium chloride was obtained from BDH. 4-(2-

hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) was from Alfar Aesar. Bovine serum 

albumin (BSA) was purchased from OmniPur. Tris-(2-carboxyethyl) phosphine hydrocholride 

(TCEP), mercaptohexanol (MCH), chromium etchant and gold etchant were purchased from 

Sigma Aldrich (St. Lousi, MO). AZ 40XT positive photoresist and AZ 300 MIF developer were 

obtained from Microchemicals. Polydinethylsiloxane (PDMS) was from Dow Corning, and 

dimethyl sulfoxide (DMSO) was purchased from Anachemia. Gold-on-glass (GoG) slides with 

dimensions of 25.4 mm x 330.2 mm x 1.1 mm (Cr adhesion layer ~5 nm and Au adhesion layer 

~100 nm) were purchased from Deposition Research Labs.Inc (St. Charles, MO). Anti-digoxigenin 

antibody (mouse monolconal) was purchased from Roche and human serum from BioIVT. 

Necessary buffers and solutions were prepared in deionized, ultra-filtered water (Thermofisher 

Scientific). 
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Table 4.1 DNA sequences used for Antibody-ECPA 

D-DNA, thiol- DNA and PEG-thiol- DNA were purchased from IDT 

MB-DNA was from Biosearch Technologies 

PEG-MB-DNA was purchased from Biosynthesis 

 
4.3.2 Gold electrode fabrication 
 

A standard photolithographic procedure was followed for gold electrode fabrication, using 

the positive photoresist, AZ40XT. A photomask of the electrode was designed in Adobe Illustrator 

and was sent to Fine Line Imaging (Colorado Springs, CO), where a positive photomask was 

printed (Figure 4.3A). Based on this design, 18 electrodes of 2 mm diameter can be fabricated on 

a gold-on-glass (GoG) slide. After patterning the gold slide, it was dipped in gold etchant (30 s), 

Sequence name Sequence (5’ to 3’) 

Digoxigenin tagged 

DNA  

(D-DNA) 

TAGGAAAAGGAGGAGGGTGGCCCACTTAAACCTCAATCCA/3DiG_N/ 
 

Thiolated DNA  

(thiol- DNA) 

/5ThioMC6-D/AAAAGCATGGTATTTTTCGTTCGTTAGGGTTCAAATCCGCG 

PEG modified 

thiolated DNA  

(PEG-thiol- DNA) 

/5ThioMC6-D/iSp18/GCATGGTATTTTTCGTTCGTTAGGGTTCAAATCCGCG 

Methylene blue DNA 

(MB-DNA) 

CCA CCC TCC TCC TTT TCC T AT CTC TCC CTC GUC ACC AUG C/MB-C7/  
 

PEG modified 

methylene blue DNA 

(PEG-MB-DNA) 

CCA CCC TCC TCC TTT TCC T /iSp18//iSp18/ /iSp18//iSp18/ GTC ACC ATG C[AmC6-
Glen][MB-Bios] 
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followed by chromium etchant (15 s) to remove the unexposed gold and chromium. The AZ 

photoresist was removed by immersing slides in DMSO for 30 min at 110-150 °C. The etched 

electrodes were then washed with deionized water and dried with nitrogen. 

 

4.3.3 Electrochemical cell fabrication 
 

The electrochemical (EC) cell was fabricated using polydimethylsilane (PDMS), followed 

by bonding with fabricated GoG electrode. A 3D CAD file was designed in either Sketchup or 

Solidworks and the designed mold was printed using the Makerbot Replicator 2 printer, using 

polylactic acid (PLA) filament (1.75 mm diameter) (Figure 4.3B). PDMS and curing agent were 

mixed in a ratio of 10:1 and poured on to a silicon wafer. The printed 3D mold was then placed on 

this wafer carefully, followed by baking the PDMS for 1 h at 60°C. After 1 h, the PDMS was 

removed from the oven and carefully separated from the mold and wafer. The PDMS wells are 

then placed in an oven at 100°C to complete curing any remaining curing agent, for at least 2-3 h. 

When the GoG slides are ready to be used, the PDMS is cut into the desired number of wells, 

depending on the number of electrodes to be used. The etched GoG is cut into the desired number 

of electrodes and first cleaned with piranha solution (H2SO4 : H2O2, 3:1) for 1 min. The electrodes 

are then washed with deionized water and dried with nitrogen. Next, the cut PDMS and cleaned 

electrodes are sonicated in methanol, followed by drying with nitrogen. The cleaned PDMS and 

GoG electrodes were then attached to each other by plasma oxidation, to finally form the EC cell 

(Figure 4.3C). Each PDMS well-bound GoG can carry ~100 µL of solution.  
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Figure 4.3 (A) Adobe illustrator design of the positive photomask showing, 18, 2 mm diameter 

electrodes. (B) A 3D mold used to fabricate PDMS wells. Figure shows a 32-well mold. (C) An 

EC cell after plasma oxidation. The figure shows 10 independent GoG electrodes ready for thiol-

DNA immobilization. 

 
4.3.4 DNA monolayer assembly 
 

Thiolated DNA (thiol- DNA) (20 µM, 1µL) was reduced with TCEP (3 mM, 3 µL), by 

incubating for 1 hour in dark. This solution was diluted with immobilization buffer (10 mM 

HEPES, 500 mM or 1000 mM NaCl) to a final concentration of thiol- DNA at 125 nM. 100 µL of 

this solution was added on to the electrochemical (EC) cell having the gold-on-glass (GoG) 

working electrode and was incubated for 1 h in dark. Next, 100 µL of 3 mM MCH was added on 

to the electrode and incubated further for another 1 h (in dark), followed by a 30 min incubation 

with assay buffer (10 mM HEPES, 500 mM or 1000 mM NaCl and 0.1 % BSA). Monolayer 

assembled electrodes were stored in the refrigerator, until EC measurements were performed. 

 

A 

C 

B 
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4.3.5 Anti-digoxigenin antibody detection 
 

Initially, digoxigenin tagged DNA (D-DNA) and methylene blue DNA (MB-DNA) were 

mixed and incubated at room temperature for 1 h. Next, anti-digoxigenin antibodies were added 

to the DNA mixture and was allowed to incubate at room temperature for 30 min. 15 µL of this 

mixture was added on to the GoG working electrode and was incubated for 40 min at room 

temperature. During this time, the MB-DNA is expected to hybridize with thiol- DNA. In order to 

confirm the incubation time for on-electrode hybridization, a kinetic run was performed. 

Experiment details are given below. The background (BG) included assay buffer, instead of the 

antibody. Final concentrations of D-DNA and MB-DNA were 50 nM, anti-digoxigenin was 25 

nM and thiol- DNA was 125 nM. After the final incubation step, solution was removed from the 

electrode, followed by the addition of 100 µL of assay buffer, and square wave voltametric (SWV) 

scan was performed.  To generate a calibration curve, a series of anti-digoxigenin solutions ranging 

from 0-100 nM were electrochemically measured as described above. Final concentrations of D-

DNA and MB-DNA were 50 nM, whereas thiol- DNA was 125 nM. 

 
4.3.6 Kinetic experiments 
 

Initially, digoxigenin tagged DNA (D-DNA) and methylene blue DNA (MB-DNA) were 

mixed and incubated at room temperature for 1 h. Next, anti-digoxigenin antibodies were added 

to the DNA mixture and was allowed to incubate at room temperature for 30 min. 15 µL of this 

mixture was added on to the GoG working electrode and was incubated for 40 min at room 

temperature. During this time, the MB-DNA is expected to hybridize with thiol- DNA. In order to 

confirm the incubation time for on-electrode hybridization, a kinetic run was performed. 

Experiment details are given below. The background (BG) included assay buffer, instead of the 

antibody. Final concentrations of D-DNA and MB-DNA were 50 nM, anti-digoxigenin was 25 
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nM and thiol- DNA was 125 nM. After the final incubation step, solution was removed from the 

electrode, followed by the addition of 100 µL of assay buffer, and square wave voltametric (SWV) 

scan was performed.  To generate a calibration curve, a series of anti-digoxigenin solutions ranging 

from 0-100 nM were electrochemically measured as described above. Final concentrations of D-

DNA and MB-DNA were 50 nM, whereas thiol- DNA was 125 nM. 

 

Figure 4.4 Kinetic run to determine on electrode incubation. According to the plot, antibody 

binding reaches an equilibrium at ~ 30 min. We selected 40 min as the on-electrode incubation 

time. 

 
4.3.7 Anti-digoxigenin detection in human serum 
 
Electrochemical measurements were performed to detect anti-digoxigenin antibody in 90% human 

serum. Anti-digoxigenin (20 nM) was analysed in serum, where the incubation steps mentioned 

previously were followed. 4 M NaCl was spiked to elevate the salt concentration in serum. For the 

BG of serum experiments, serum of equal volume to that of spiked antibody was added. After the 

40 min incubation of 15 µL serum sample on electrode, the solution was removed, followed by 

addition of 100 µL of assay buffer and SWV measurement. 
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4.3.8 Electrochemical measurements 
 

All measurements were performed using the Gamry 600 reference potentiostat. When the 

gold-on-glass (GoG) electrode was ready for measurement, it was connected to create a 3-electrode 

cell, with a silver/ silver chloride reference electrode (3 M KCl) (BASi) and a platinum counter 

electrode (CH Instruments). Square wave voltametric (SWV) measurements were performed from 

-0.45 to 0.00 V vs reference electrode, with a step size of 2 mV and pulse width of 50 mV, at a 

frequency of 464 Hz. For experiments where broad range SWV frequency scans were performed, 

a range from 3-1000 Hz was used, with the same step size and pulse width. 

 
4.3.9 Data analysis 
 

Data processing was done using customized MATLAB codes and Microsoft Excel. First, 

the .DTA files obtained from the Gamry 600 were converted to .txt files using a windows command 

prompt. The necessary current vs voltage data was then obtained from .txt files by running 

customized MATLAB codes, where the baseline corrected current vs potential data was exported 

to Microsoft Excel for further processing (such as obtaining peak currents and percentage change 

in signal). Detailed data analysis and related graphical demonstrations are given in Figure 4.5. 
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Figure 4.5 A step-by-step depiction of data analysis from customized MATLAB code, plotted in 

MS Excel for difference current. (A) Raw currents obtained from the customized MATLAB code. 

(B) A plot showing the smoothed raw data from (A), where a 21-point smoothing filter is used. 

(C) Baseline correction, using a 3rd order polynomial fit (peach curve shows the baseline fit). (D) 

The baseline corrected faradic current. Peak currents were obtained from the maximum current of 

the faradaic curve from (D). 
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4.4 Results and discussion 
 
 
4.4.1 System design and sensing principle 
 

Earlier, our group introduced the electrochemical proximity assay (ECPA) for insulin and 

thrombin detection at fM and pM levels respectively 2, 3. In chapter 3 we quantified anti-

digoxigenin antibody (anti-dig) at a limit of detection (LOD) of ~7 nM in buffer using TFA.  We 

also demonstrated how the use of polyethylene glycol (PEG) spacers within DNA strands aids 

efficient hybridization 41. With the objective of improving assay sensitivity further and to be able 

to accommodate the assay for a more miniaturized system leading towards point of care / need, we 

adapted this method to an electrochemical (EC) surface-based proximity assay. 

Herein, we present a modified, surface-based proximity assay for antibody quantification, 

leveraging three DNA strands- a thiol DNA (thiol-DNA), recognition unit labeled DNA (D-DNA) 

and a methylene blue labeled DNA (MB-DNA). As illustrated in Figure 4.6, each D-DNA is 

hybridized to a single MB-DNA, through 20 base pairs. Target antibody (Ab) addition induces the 

spontaneous binding of recognition units, and as an outcome of this event, MB-DNA approaches 

the thiol-DNA-immobilized gold electrode surface. This close proximity of thiol-DNA and MB-

DNA leads to the hybridization of 7 complementary bases, forming an entropically stable structure 

akin to a DNA hairpin loop which allows efficient electron transfer (ET) at the electrode surface. 

Therefore, one Ab binding event results in the ET of two MB molecules. 
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Figure 4.6 Sensing principle of surface based-ECPA for antibody detection. MB-DNA approaches 

the electrode surface as a result of spontaneous binding of target to its recognition units. Target-

induced hybridization leads to an increased current (signal). The absence of target drives weak, 

spontaneous hybridization, which forms an entropically less stable complex resulting in reduced 

current (background).  

 
4.4.2 Positional effects of spacers on assay performance 
 

To test our hypothesis and further emphasize on the importance of probe flexibility, we 

used anti-digoxigenin antibody (Anti-Dig) as the target and digoxigenin, as the recognition unit. 

For comparison, we first used two types of methylene blue tagged DNA strands. One strand 

includes a 14-nt ssDNA linker (MB-DNA) separating the 20-bp and 7-bp binding regions (Figure 

4.7A), which was termed as original design. The other strand includes a DNA modified with 

Stable 

Unstable 



121 
 

polyethylene glycol linker (PEG-MB-DNA) of similar length, which was termed modification-1 

of the original design (Figure 4.7B). As mentioned previously, addition of Anti-Dig will push 

MB-DNA or PEG-MB-DNA closer to gold surface, resulting in its hybridization to thiol-DNA. 

The generated SWV current will be proportional to the concentration of target antibody. Herein, 

we detected 25 nM of Anti-Dig (signal) alongside a background (BG) which does not include the 

target antibody. Target induced hybridization resulted in a higher peak current compared to the 

BG as shown in Figures 4.7D, E and F. More importantly, it is evident that substitution of ssDNA 

spacer with PEG spacer improved peak currents drastically, giving more separation between the 

signal and BG peaks (Figure 4.7E).   

 

Figure 4.7 SWV peak currents measured at 464 Hz for anti-digoxigenin sensing. (A) The original 

design having a methylene blue DNA with ssDNA linker. (B) The first modification for the system 

where a PEG linker of similar length was added. (C) Second modification to the system where the 

4A of thiolated-DNA was replaced by a PEG linker of similar length. (D) SWV peak current of 
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original design of AbD detection, with respect to the BG. (E) SWV peak current for modification-

1, which shows an obvious increase in current (~ 2.6-fold) post- PEG linker substitution. (F) SWV 

peak current for modification-2 shows an increase in peak currents by ~4-fold compared to 

original, upon further substitution of PEG linker in thiolated-DNA. Error bars represent the 

standard deviation of measurements from three independent electrodes 

 
In another recent work by our group, it was demonstrated that hybridization of DNA 

strands at the electrode surface is dependent on the distance between the surface and binding site, 

which is governed by the electric double layer 45. It was shown that, more efficient binding of 

DNA can be achieved if the hybridization site was established at an optimal distance away from 

the electrode. This was achieved by adjusting the salt concentration in buffer and introducing a 

short sequence of 4 dA nucleotides at the distal end of thiolated DNA, which either reduced the 

thickness of electric double layer or pushed the binding region away from the double layer 

respectively, promoting efficient hybridization 45.   

Based on these conclusions, we hypothesized that replacing the 4dA segment of the thiol-

DNA with a PEG spacer of similar length can enhance signal due to improved flexibility. As 

expected, we were able to obtain higher peak currents (in the presence of target) by using both 

PEG-thiol-DNA and PEG-MB-DNA (modification-2), compared to modification-1 (Figure 

4.7F). We also carried out a SWV frequency scan from 3-1000 Hz, which was then used to 

determine the electrochemical critical times46of the three systems shown in Figure 4.7. As 

determined by the data in Figure 4.8A, the original system exhibited a critical time of 82 ms, and 

the modification-1 system gave a similar critical time of 88 ms. This can be explained since the 

site of modification is positioned away from the electrode, thus it should not significantly alter the 

electron transfer rate. Notably, the 2.6-fold increase in peak current indicates that the major effect 

of modification-1 was to enhance DNA hybridization efficiency (see arrow (1) in Figure 4.8A). 
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By contrast, modification-2 resulted in a significant change in effective electron transfer rate, 

giving an electrochemical critical time of 22 ms. We reasoned that this increase in electron transfer 

rate was a result of increased tethered diffusion rate of the PEG-MB-DNA at the electrode surface. 

Overall, modification-2 gave a 4-fold increase in both peak current and electron transfer rate (see 

arrow (2) in Figure 4.8A). The effects of flexible spacer position on both critical time and peak 

current are also shown in Figure 4.8B. Overall, these results further confirmed our previous 

findings that introducing sufficient probe flexibility into a multi-strand-DNA based proximity 

assay leads to improved assay performance 41. 

 

 

 

 

Figure 4.8 Tethered diffusion rates comparing the original with modified designs (1 and 2). (A) As 

the probe flexibility is increased, electron transfer rates begin to shift towards  shorter times. (B) Bar 

plots comparing the peak currents and changes in electrochemical critical times for each 

modification. 
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4.4.3 Effect of ionic strength on assay performance 
 

Increasing salt concentrations in buffer can reduce thickness of electric double layer, 

allowing more efficient hybridization of short DNA strands at the electrode surface 45. Therefore, 

with the objective of improving assay performance further, we carried out experiments for all three 

design systems with 1.0 M NaCl in buffer. Despite the increase in target-dependent peak currents 

with increased salt concentration, we also observed an increase in BG current. We assume that this 

stabilization of BG is due to the spontaneous hybridization, which is a consequence of the reduced 

double layer thickness and increased shielding of charge in the DNA backbone by higher salt 

concentration (Figure 4.9). Therefore, based on our results thus far, we used modification-2 and 

buffer with 0.5 M NaCl for further experiments. 

 

Figure 4.9 Comparison of peak currents with salt concentration. (A)Peak currents for the original, 

modification-1 and modification-2 with 1.0 M NaCl in buffer. (B)Peak currents for all three 

systems with 0.5 M NaCl in buffer. Although peak currents are increased for signal, an increase in 

BG currents were also observed, indicating the effect of increased salt concentration in promoting 

spontaneous hybridization. 
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4.4.4 Sensor calibration 
 

Next, we wanted to study the sensor’s response towards varying antibody concentrations. 

As shown in Figure 4.10, the sensor responded as expected, to changes in anti-dig concentrations 

in buffer. We were able to obtain a 300 pM limit of detection, based on 3σ of blank, with a dynamic 

range up to 50 nM.  However, due to the consumption of probes after saturation, the assay 

sensitivity begins to drop at higher analyte concentrations, as its ratio exceeds that of the DNA 

probes (fundamental limitation of proximity assays). The above LOD can be obtained either by 

using the peak currents at each concentration or percentage change in signal, which was calculated 

by the formular given below. 

%	𝑆𝑖𝑔𝑛𝑎𝑙	𝑐ℎ𝑎𝑛𝑔𝑒 =
𝐼!
𝐼"#

	𝑥	100 

 
 

 

Figure 4.10 Calibration curve for anti-digoxigenin detection. An LOD of 300 pM was obtained 

by using either maximum (peak) current or percentage change in signal. Furthermore, assay 

sensitivity begins to drop at higher anti-digoxigenin concentrations due to the increased analyte 

compared to DNA probes. 

 
 
 

Sensitivity =         
4 nA/ nM 

R2 = 0.994 
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4.4.5 Anti-digoxigenin sensing in human serum 
 

To test the functionality of the sensor in biological fluids, we spiked 20 nM of anti-dig into 

human serum (90%). Initially, in comparison to the buffer control, we did not observe an increase 

in signal, compared to the BG. Serum has approximately 135-145 mM of salt 47. As mentioned 

previously, since salt concentration plays an important role in driving efficient hybridization of 

surface-based DNA in EC sensors, we hypothesized that a comparatively low salt concentration 

in serum was inadequate to drive target-dependent DNA hybridization, in combination with other 

factors such as serum interferents. Therefore, a high concentration of salt (4M) was spiked to 

increase the final concentration of salt in serum to 415-425 mM. We were able to see improved 

currents compared to the serum without spiked salt, although raw currents for 20 nM anti-

digoxigenin was lower than that of the buffer control (Figure 4.11A). However, when percentage 

change in signal was used, the NaCl spiked serum showed results comparable to that of the buffer 

control (Figure 4.11B). We attribute these differences in peak currents and percentages to the 

interferents present in serum. However, extensive studies were not done in this work to prove this 

hypothesis. 

 

Figure 4.11 Assay functionality in 90% human serum. (A) Raw peak currents showing changes 

or 20 nM anti-digoxigenin spiked in serum and serum spiked with 4 M NaCl. The raw currents are 

lower for salt spiked serum compared to the buffer control. (B) However, the change in % signal 



127 
 

demonstrates comparable results to that of buffer control. The results also show that spiking high 

concentration of salt can improve assay performance to a degree. 

 
4.5 Conclusions 
 

In this work we have extended the previously developed ECPA for antibody detection. 

Similar to our recent work leveraging TFA, we have shown the importance of probe flexibility in 

improving assay performance of proximity-based assays 41. To achieve this, we compared the 

original system (exclusively having DNA strands) with two other systems where DNA strands 

were modified with PEG linkers. Although the original design showed a signal peak in the presence 

of target, incorporating PEG modified methylene blue- and thiolated-DNA strands showed drastic 

improvement in target-dependent current. Akin to our recent work 45, here we have shown that 

although increasing salt concentration improves the signal, it can also lead to stabilized BG 

currents, since spontaneous hybridization is promoted. Additionally, we have shown that assay 

performance in biological fluids was improved by increasing the salt concentration accordingly. 

These observations further supports that it is important to pay close attention to optimizing salt 

concentration for electrochemical assays involving short DNA strands, as it can influence sensor 

performance. Although we developed this sensor for anti-digoxigenin antibody detection (as a 

proof-of-concept), we believe that the sensor can be modified to detect more clinically relevant 

target antibodies using not only small molecules as recognition units, but also peptides. 
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Chapter 5  
 

Adapting Electrochemical Bioassays from Planar Electrodes to Microelectrodes 

 

As mentioned in the previous sections, electrochemical (EC) techniques are an excellent 

choice for developing specific and sensitive sensors which can be adopted for point-of-care 

diagnostics, with simple instrumentation, for usage in limited resource settings 1-4. Furthermore, 

EC sensors can be easily miniaturized and integrated with microfluidic devices, facilitating real-

time measurement of analytes, using low sample volumes. In this chapter, we focus on adopting 

our already developed DNA-based EC assays for gold-on-glass (GoG) planar electrodes to gold 

microelectrode wires for improved assay sensitivity and miniaturization. 

 

5.1 Background 
 

When designing EC-biosensors, it is crucial to pay close attention to the type of conductive 

material used. An electrode used for biosensing generally includes three parts- electrode that is 

exposed, connection points, and paths. Therefore, the working electrode will consist of three 

layers, namely substrate (such as glass), conductive layer, and insulation (which prevents contact 

of certain electrode parts with biofluids and fouling) 5. Important factors to be considered when 

selecting a conductive material includes biocompatibility, stability in biofluids and cell culture 

media, and optical transparency, etc. Generally, metals such as gold, iridium, titanium, platinum, 

and tungsten which are deposited on substrates such as glass and silicon are used as the conductive 

layer. Among these, gold (Au) has been widely used as the metal of choice, due to its good 

biocompatibility, corrosion resistivity, and conductivity 5. As noble metals do not adhere well to 
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substrates such as glass and demonstrates reduced stability when exposed to water, it is important 

that they are being deposited on a metal layer such as chromium or titanium for improved stability 

5. We employ patterned chromium-plated GoG electrodes to develop DNA-based EC sensors 2, 4, 

6-9. As mentioned in the methods section of chapter 3, a standard photolithographic process is 

followed to pattern circular 2D electrodes of customized sizes.   

Plaxco and coworkers implanted gold microwires within the jugular veins of mice to detect 

various therapeutic drugs in whole blood, in real time (Figure 5.1) 10-15. Although the fabricated 

gold electrodes were able to continuously measure analytes in undiluted blood serum over a few 

hours, they were contaminated over time when deployed in undiluted whole blood 12. To address 

this issue, the group developed a microfluidic device which could measure therapeutic drugs in 

whole blood continuously. Herein, ex vivo measurements were performed, where the blood was 

drawn from a catheter to the device, reducing possible biofouling 12, 16. However, this device 

carried certain disadvantages- the device retained a certain time lag, owing to being ex vivo with 

the necessity of drawing blood continuously and device complexity 12, 16. Thus, in order to be able 

to use the electrodes within live animals for real time continuous measurement of analytes, the 

group encased the developed microelectrodes in polysulfone membranes, which reduced 

biofouling. Although longer times of sensor functionality was achieved, considerable drift in 

baseline was observed. In order to correct for this drift, a “kinetic differential method” (KDM) was 

used 12. Furthermore, to improve sensitivity of E-AB sensors, the Plaxco group used 

electrochemical roughening to increase surface area of the gold microwires. Following 

electrochemical roughening, more methylene blue tagged aptamers were able to immobilize on 

electrode surface, resulting in improved signal to noise ratios 11. 
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Figure 5.1 Gold microwires implanted in a mouse for real time detection of therapeutic drugs. (A) 

An aptamer carrying a redox tag (methylene blue) is immobilized on a gold microwire. In the 

presence of small molecule target, aptamer folds to generate EC signal. (B) Reference and working 

electrodes used in the set-up. To prevent biofouling, a polysulfone membrane was used. (C) The 

sensor was implanted inside the jugular vein of a mouse. Reprinted with permission from reference 

12. Copyright 2017, Proceedings of the National Academy of Sciences, USA. 

 
Inspired from the use of microwires by the Plaxco group, in this project we outline the 

initial adaptation of gold microelectrodes for our existing DNA-based EC biosensors fabricated on 

2D planar GoG electrodes. Currently, DNAs are self-assembled on circular gold surfaces of 2 mm 

diameter. We aim to reduce electrode fabrication time, improve sensitivity, and integrate 

microelectrodes with microfluidics. 
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5.2 Methods and reagents 

5.2.1 Reagents 

Customized DNA strands were purchased from Integrated DNA Technologies (IDT) 

(Coralville, Iowa) and Biosearch Technologies (Novato, CA). The DNA strand sequences are 

given in table 5.1. Sodium chloride was obtained from BDH. 4-(2-hydroxyethyl)-

1piperazineethanesulfonic acid (HEPES) was from Alfar Aesar. Bovine serum albumin (BSA) was 

purchased from OmniPur. Tris-(2-carboxyethyl) phosphine hydrocholride (TCEP), 

mercaptohexanol (MCH), potassium ferrocyanide, potassium ferricyanide, methylene blue, 

magnesium chloride hexahydrate, estradiol, chromium etchant and gold etchant were purchased 

from Sigma Aldrich (St. Lousi, MO). T4 DNA ligase (400,000 units) and adenosine triphosphate 

(ATP, 10 mM) were obtained from New England Biolabs. Polydimethylsiloxane (PDMS) was 

from Dow Corning. UV curable 3D printing resin was obtained from Anycubic. Anti-estradiol 

antibody (ab 116648) was from Abcam. Gold wire (0.25 mm diameter, Premion, 99.998 % metal 

basis), platinum wire (0.25 mm diameter, 99.9 % metal basis) and silver wire (0.25 mm diameter, 

Premion, 99.9985% metal basis) were purchased from ThermoFisher Scientific. Necessary buffers 

and solutions were prepared in deionized, ultra-filtered water (ThermoFisher Scientific).  
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Table 5.1 List of DNA sequences used for microelectrode characterization and nanostructure 

assembly 

MB-40, thiol- DNA, ns_PEG-thiol- DNA and Anc-DNA were purchased from IDT 

1-MB-DNA was from Biosearch Technologies 

 

Sequence name Sequence (5’ to 3’) 

40 base-pair 

methylene bue 

(MB-40) 

CGCGGATTTGAACCCTAACGAACGAAAAATGTCACCATGC-[MB] 

 

Thiolated DNA 

complementary to 

MB-40 

(thiol- DNA) 

/5ThioMC6-D/AAAAGCATGGTATTTTTCGTTCGTTAGGGTTCAAATCCGCG 

PEG modified 

thiolated DNA (for 

nanostructure) 

(ns_PEG-thiol- 

DNA) 

/5ThioMC6-D/iSp18/GCATGGTATTTTTCGTTCGTTAGGGTTCAAATCCGCG 

1-Methylene blue 

DNA (for 

nanostructure) 

(1-MB-DNA) 

T [MB] CTC CAC TTC AAC CG 

Anchor connector 

DNA (for 

nanostrcuture) 

(Anc-DNA) 

/5Phos/ GAG ACA CTG TGT CGT CTC CGG TTG AAG TGG AGA /iAmMC6/ TAG GAA 

GAG GTG AGG 
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5.2.2 Preparation of gold microwires 

An approximately 1-inch-long gold wire was cut and wrapped with a breadboard jumper 

wire, followed by sealing with heat shrink tubing to secure connections (Figure 5.2A). Next, the 

wire was inserted to a 3D printed electrode holder and glued to the holder by using UV curable 

resin. The resin was cured for 1-2 min to make sure that the gold wire was firmly fixed. Finally, 

the exposed gold wire was adjusted to 5 mm length, which serves as the gold electrode working 

area (Figure 5.2B). The prepared gold microwire included 0.25 mm diameter and 5 mm length. 

The custom-designed electrode holders were designed in Solidworks (3D CAD software) and 

printed in a high resolution 3D printer (Anycubic), using UV curable resin. As shown in Figure 

5.2C, the holder consisted of 3 holes, one each for the gold working electrode, counter and 

reference electrodes. The hole for working electrode was 0.3 mm in diameter, whereas the counter 

and reference electrode holes were 0.35 mm each.  

 

Figure 5.2 Preparation of gold working electrode. (A) Gold microwire connected to breadboard 

jumper cable and sealed with heat shrink tubing. (B) Gold microelectrode used for experiments, 

where the wire was sealed inside a 3D printed microelectrode holder, using UV curable resin. (C) 

3D CAD designs of microelectrode holders having three holes for working, reference and counter 

electrodes.  

A B 

0.35 mm 

0.30 mm 
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5.2.3 Fabrication of electrochemical cells 

Electrochemical cells were fabricated using polydimethylsilane (PDMS), as described in 

the methods section of chapter 4. For experiments outlined in this chapter wells of two different 

volumes were used. All experiments were carried out in PDMS wells which were able to carry 65 

µL of solution. For experiments where DNA nanostructure was assembled, 20 µL wells were used 

for adding ligation mixture. When it was ready for experiments, PDMS wells were cut and cleaned 

with methanol followed by drying with nitrogen. These wells were bonded on to pieces of cut-

glass slides either through plasma oxidation or using double sided tape. Figure 5.3 shows the 3D 

printed molds used for PDMS molding and a glass-bound well. 

 

Figure 5.3 3D molds used for electrochemical cell preparation. (A) A PDMS well bound to glass, 

which fits the electrode holder. (B) A 3D printed mold for 20 µL wells. (C) 3D mold used for 65 

µL well fabrication. 

 
 
5.2.4 Initial electrode functioning and reference electrode selection 

To test the feasibility of using gold microwires as electrodes, we first performed 

experiments with solutions of potassium ferricyanide/ ferrocyanide and methylene blue, of various 

concentrations. Here we also tested the use of platinum, gold, and silver wires and in-lab fabricated 

silver-silver chloride as references. Further details are discussed in section 5.3 below.  

A B C 
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5.2.5 DNA monolayer assembly and detection of 40 base-pair methylene blue DNA (MB-

40) 

For experiments where MB-40 was used, the corresponding thiolated DNA (THIOL- 

DNA) was reduced with 10 mM of TCEP at a ratio of 1:3 for 1 h. This solution was diluted with 

immobilization buffer (10 mM HEPES and 500 mM NaCl) to obtain necessary concentration of 

THIOL- DNA. 65 µL of this solution was added to the fabricated PDMS well followed by insertion 

of gold working electrode. This was left for 2 h at room temperature to form the self-assembled 

monolayer (SAM) of THIOL- DNA. Next, 65 µL of 3 mM MCH was added to the well and the 

electrode was incubated for further 1 h. Finally, MB-40 of a fixed concentration was added to the 

well, followed by electrode incubation for 30 min at room temperature. The solution of MB-40 

was removed, and buffer was added before measurements were taken. 

 

5.2.6 DNA monolayer assembly and estradiol nanostructure assembly 

Thiolated-DNA (ns_PEG-THIOL- DNA) was reduced with 10 mM of TCEP at a ratio of 

1:1, for 1 h. This solution was diluted to a final concentration of 50 nM with immobilization buffer 

(10 mM HEPES, pH 7.5 and 10mM MgCl2). 65 µL of this solution was added to a well, where the 

gold electrode was immersed and left for 2 h for SAM formation. This was followed by incubating 

the electrode with 3 mM MCH for an additional 1 h. Next, the thiol immobilized electrodes were 

incubated with ligation buffer (10 mM HEPES, 10 mM MgCl2 and 0.1% BSA) for 30 min. The 

passivated gold electrodes were then incubated for 6 h with 20 µL of ligation mixture which 

contained 100 nM of 1-MB-DNA, 100 nM estradiol anchor DNA (Anc-DNA), 1 mM ATP and 

T4-DNA ligase. Afterwards, the electrodes were washed with water, followed by dipping in assay 

buffer (10 mM HEPES, 500 mM NaCl and 0.1% BSA) and were refrigerated until further use.  
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5.2.7 Anti-estradiol detection 

First, to confirm formation of estradiol DNA nanostructure on gold microwires, square 

wave voltametric (SWV) scans were performed to measure peak currents in assay buffer. 

Afterwards, 65 µL of 20 nM anti-estradiol antibody was added and incubated at room temperature 

for 30 min. Prior to measurement, the antibody solution was removed, and assay buffer was added 

which was followed by measurement of peak current. In instances where kinetic measurements 

related to antibody binding were performed, the electrode system was dropped into a  solution of 

65 µL of 20 nM anti-estradiol antibody, and changes in peak current were measured at 3 min 

intervals over 1 hr.  

 

5.2.8 Electrochemical (EC) measurements for DNA-based gold microelectrodes 

A Platinum (Pt) pseudo reference and Pt counter micro electrodes were used for EC 

measurements along with the gold working electrode forming a 3-electrode system, as shown in 

(Figure 5.4). The electrodes were connected to the Gamry 600 reference potentiostat. SVW scans 

were performed from -800 mV to -200 mV vs Pt reference electrode, with a step size of 1 mV and 

pulse width of 50 mV at selected frequencies. 
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Figure 5.4 Microelectrode assembly for electrochemical measurements. (A) Assembled three 

electrode system in the microelectrode holder. Red- Pt reference, blue- gold working electrode and 

white- Pt pseudo reference electrode. (B) An illustration of assembled electrode to be connected 

to the potentiostat. (C) The electrodes are connected to the potentiostat through breadboard jumper 

wires. 

 
5.2.9 Data analysis 

Data processing was performed using both customized MATLAB codes and Microsoft 

Excel, as detailed in the methods and reagents section of chapter 4.  

 

5.3 Results and discussion 

5.3.1 Initial electrode functionality and selection of reference electrode 

As the first step, we tested the capability of using gold microelectrodes (Au-µE) for 

measuring potassium ferricyanide/ferrocyanide and freely diffusing methylene blue in buffer. 

Instead of using the commercially available Ag/AgCl reference electrode, we sought to use 

alternatives, as the end goal is to integrate these electrodes into microfluidic channels. 

Commercially available reference electrodes are larger in size, which limits their use within 

A B C 

1 
cm
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smaller sized channels. Instead of the commercial Ag/AgCl reference electrode, we first used in-

house synthesized Ag/AgCl electrodes, as described by the Plaxco group 10, 11, 15. Herein, a piece 

of silver (Ag) wire (diameter = 0.25 mm) was dipped in commercial bleaching solution overnight, 

to form a layer of AgCl. The AgCl was kept exposed, and the remaining portion of silver wire was 

attached to a breadboard jumper wire. Another Ag/AgCl electrode was generated by electroplating 

AgCl on a silver wire at 4 V for 5 mins. Furthermore, we used Pt, Ag, and Au wires as pseudo 

references. A Pt wire was used as the counter electrode for all experiments. Figure 5.5 below 

shows the results of measuring 5 mM and 10 mM potassium ferri/ferro solutions using the 5 types 

of reference electrodes, with the Au-µE. Measurements were done on two consecutive days as well 

as after five days of preparing the reference electrodes.  
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Figure 5.5 Comparison of reference electrodes, where two different concentrations of potassium 

ferricyanide/ ferrocyanide were measured. (A) In-house electroplated Ag/AgCl electrode. A silver 

wire was dipped in saturated KCl and electroplated at 4 V for 5 min. Figure shows differential 

peak current at 464 Hz. (B) Measurement of 5 mM ferri/ferro using the electroplated Ag/AgCl 

electrode on three days. (C) Measurement using Ag/AgCl reference electrode prepared by dipping 

Ag wire in Clorox solution. (D) EC measurements done using this electrode on day 1 and 3 for 5 

mM ferri/ferro solutions. (E) EC measurements using Ag wire as the reference electrode. (F) 

Measuring 5 mM ferri/ferro solution on days 1, 2 and 5. (G) Measurements done using Au wire as 

reference electrode and (H) Measurements done on two consecutive days. (I) Measurements done 
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using Pt reference electrode and (J) EC measurements performed on days 1,2 and 5 for 5 mM 

ferri/ferro solution.  

For the electroplated Ag/AgCl electrodes we observed drastic shifts in peak voltages for 

the two concentrations of potassium ferri/ferrocyanide as well as over the days, combined with 

observing a possible oxide layer deposition over time. Furthermore, Clorox based Ag/AgCl 

electrodes as well as Au wire used as reference did not give us any appreciable results. With the 

Au wires we observed deterioration of performance after a single use, demonstrating to be the least 

stable of all. The Ag and Pt pseudo reference electrodes showed promising results. However, with 

the Ag electrode a loss in EC signal was observed after a week. Tarnishing of Ag surface was seen, 

which prevented its further use. In comparison, the Pt microwires showed less fluctuations in peak 

voltage shifts even after a week. Variations in peak current over the days may be attributed to 

improper cleaning of Au-µE. In order to confirm that Pt wires can used as the reference electrode, 

we measured 3 different concentrations of methylene blue solution (100 µM, 500 µM and 1000 

µM). We observed good performance stability with less shift in methylene blue redox potential 

(data not shown). Therefore, for all the experiments in the following sections, we used the Pt wire 

as a pseudo reference. 

 

5.3.2 Modification of gold microelectrode (Au-µE) for sensing DNA 

After selecting the potentially best reference electrode, we proceeded to modify the Au-µE 

for DNA sensing. Figure 5.6A shows the sensing principle. A thiolated DNA (thiol-DNA) was 

immobilized on the electrode surface. A 40 bp complementary having a methylene blue DNA 

(MB-40) was added. After incubation was completed, the peak currents were measured at different 

SWV frequencies using the Pt pseudo reference electrode and Pt counter electrode. As a reference 
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system, GoG electrodes immobilized with MB-40 were used. The concentration of thiol-DNA 

added on to the electrode was 1000 nM and MB-40 was 200 nM. Although we expected to observe 

a peak current corresponding to MB-40 on the Au-µE, compared to the GoGs, no signal was 

observed (Figure 5.6B).    

 

 
Figure 5.6 DNA sensing using gold microelectrodes. (A) A 40 bp complementary methylene blue 

DNA (MB-40) is added on to the gold surface which carries a monolayer of thiolated DNA. The 

hybridization of thiol- DNA to MB-40 brings the methylene blue closer to the electrode surface 

and generates an EC signal. (B) Peak currents measured for 200 nM of MB-40, at 464 Hz. It can 

be clearly obsreved that compared to the GoG electrodes, the Au-µE did not show a peak current 

in the presence of MB-40. 

 

B 

A 



145 
 

We reasoned that this might be due to insufficient number of thiol- DNA on the Au-µE 

surface for hybridizing with MB-40. More specifically we hypothesized that the Au-µEs may 

require a longer incubation time (> 1 h) to form the self-assembled monolayer of thiol- DNA. To 

test our hypothesis, we incubated thiol- DNA for 2 h, 3 h, 4 h and overnight at room temperature. 

As expected, we were able to observe peak currents for MB-40 when the lonegr incubation times 

were used. Since the peak currents were observed after 2 h of thiol incubation, we selected this 

time as thiol-incubation time. Figure 5.7 below shows the results. The SWV peak for 2 h in this 

figure shows a convolution, which we attribute to be a contamination of the working electrode. 

 

 

Figure 5.7 variation of thiol- DNA incubation times on microelectrodes. Results indicated that it 

was important to use an incubation time > 1 h. Although we were able to observe peak currents 

after 3 and 4 h, we selected 2 h as the incubation time.  

 
For proper assay performance, it was important to make sure that the Au-µE was dipped in 

the solutions of DNA and respective analytes. A problem faced during this was the formation of 

air bubbles within the PDMS well after fixing the electrode mold having the Au-µE. Pushing of 

the mold into the well imposes a pressure, creating air bubbles within the solution (Figure 5.8A). 
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This in turn reduces the volume of solution that is exposed to the Au-µE, which ultimately effects 

the peak currents of methylene blue at the final measurement step. One of the initial designs of the 

electrode holder included a completely circular base which created the pressure (Figure 5.8B). 

However, after several testing and design improvements, we utilized an electrode holder which 

consisted of grooves to release pressure (Figure 5.8C). this design helped us reduce or eliminate 

air bubble formation.  

 

Figure 5.8 Microelectrode holder design modification. (A) A cylindrical holder with a perfectly 

round base. (B) Although the holders fitted well, air bubbles were created within solutions filled 

wells when the holder with electrodes were inserted (as highlighted in green). (C) After several 

trials, “M” shaped electrode holders were designed, and 3D printed. This design was able to reduce 

or eliminate the formation of air bubbles and allow more Au-µE surface to come in contact with 

solution.  

 

A
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5.3.3 Assembly of DNA nanostructure on Au-µE for anti-estradiol antibody sensing 

Since DNA assembly on microelectrodes was achieved and a 40 bp methylene blue DNA 

was successfully detected, we moved forward to assembling the DNA nanostructure on Au-µE, 

which was developed by our lab for biomarker sensing. As discussed in chapter 1, the 

nanostructure is formed by the ligation of three DNA segments which includes a thiolated-DNA 

attached to the gold electrode surface, a target recognizing DNA and a methylene blue DNA. Post 

ligation, a longer continuous DNA strand is formed 2, 4, 7.  

Thus far, the nanostructures assembled on 2D planar GoG electrodes employed 30 nM 

thiolated DNA to form the SAM. With the experiments performed for MB-40 detection, we 

utilized a thiol-DNA treatment with a concentration of 1000 nM. Therefore, prior to proceeding 

forward with nanostructure assembly on Au-µE, we decided to detect MB-40 using various 

concentrations of thiol- DNA. This experiment gave us a rough idea of how low of a thiol- DNA 

concentration can be used for SAM immobilization on the Au-µE. Figure 5.9 shows the 

experimental results. We used 5 different thiol- DNA concentrations (50, 100,  200, 500 and 1000 

nM). As shown in Figure 5.9, 50 nM of thiol- DNA showed improved peak currents, compared to 

the other higher concentrations. In nanostructure assembly, it is important to keep the thiol- DNA 

concentration considerably low, since the electrode surface should have assembled nanostructures 

at optimized distances, for better sensor performance. If the electrode surface is densely packed, 

the formed DNA nanostructures will not generate changes in current in the presence and absence 

of target as hypothesized, due to restrictions in scaffold movement (tethered diffusion) resulting 

from surface crowding. Therefore, based on these reasons, we used 50 nM of thiolated DNA for 

nanostructure construction. 
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Figure 5.9 Variation of thiol- DNA on Au-µE surface. (A) 50 nM thiol- DNA gave higher signals 

in the presence of 200 nM MB-40. The Pt pseudo reference electrodes were used and we observed 

thiol- DNA concentration dependent shifts in peak voltages. (B) The peak currents for 50 nM thiol- 

DNA were compared with GoG electrodes.  

 
Using 50 nM of ns_PEG-thiol- DNA, a monolayer of thiols was formed on the Au-µE 

surface as described in section 5.2.6. For this experiment, we constructed a nanostructure for the 

small molecule female steroidal hormone, estradiol. Figure 5.10 below illustrates the principle of 

ligation. The ligation mixture having 100 nM of estradiol Anc-DNA, 100 nM of 1-MB-DNA, 1 

mM of ATP and T4-DNA ligase for added to a PDMS well. The mixture volume was 20 µL. The 

Au-µE having immolized thiolated DNA was dipped into this well and was left for 6 h at room 

temperature, to allow ligation and formation of a continuous strand of single estradiol DNA 

nanostructure (Figure 5.10A). Figure 5.10B illustrates the sensing principle of estradiol 

nanostructure. Initially, the constructed nanostructure demonstrates faster tethered diffusion. Upon 

addition of anti-estradiol antibody, we expect a slower rate of tethered diffusion, which can be 

observed by a decrease in peak current compared to the former, due to overall change in mass of 

DNA scaffold and possibly also due to steric effects (Figure 5.10B, center). If the solution has 
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free estradiol, the anti-estradiol antibody will bind to it and not to the electrode,  increasing the 

rate of tethered diffusion of the DNA-nanostructure (Figure 5.10B, right). This allows indirect 

quantification of estradiol, in theory. 

 

 

Figure 5.10 Sensing principle and construction of estradiol DNA nanostructure. (A) Nanostructure 

is constructed by ligation of three DNA strands, ns_PEG-thiol- DNA, 1-MB-DNA and estradiol 

Anc-DNA. (B) In the absence of antibody, the nanostructure shows faster tethered diffusion, 

resulting in higher peak currents. Addition of anti-estradiol antibody will drop the generated peak 

current. In the presence of free estradiol, the antibody will be shielded from binding to the DNA 

anchor, which will result in higher peak current.  

 
 

Recently, we showed that the introduced DNA- nanostructure can be used for detection of 

sex hormones, on 2D planar (GoG) electrodes, where the respective antibodies and analytes were 

incubated on the electrode surface for 30 min, post optimization (manuscript in preparation). Thus, 

based on this work, we incubated 20 nM of estradiol antibody with the fabricated Au-µE for 30 
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min at room temperature. Prior to antibody addition, the SWV measurements of the Au-µE were 

performed. Figure 5.11 below shows the SWV measurements performed before and after addition 

of anti-estradiol antibody. As hypothesized, we were able to observe a drop in signal with a 

magnitude of ~ 33 %. Percent change in signal was calculated as follows, where Io is the initial 

current measured prior to addition of antibody and IF is the final current measured after antibody 

addition. As given in Figure 5.11A, we also observed a shift in peak voltage (~ -70 mV) after 

addition of anti-estradiol. 

%	𝑆𝑖𝑔𝑛𝑎𝑙	𝑐ℎ𝑎𝑛𝑔𝑒 =
𝐼$ − 𝐼%
𝐼$

	𝑥	100 

 

 

Figure 5.11 Detection of anti-estradiol antibody using Au-µE. (A) Current vs potential graph 

indicating the nanostructure in the absence and presence of antibody. Addition of antibody, slows 

down the rate of electron transfer, leading to reduced current. (B) Peak currents in the absence of 

presence of antibody. Results are shown for SWV scanned at 464 Hz. 
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However, ~ 60 % of signal drop was observed for the same concentration of anti- estradiol 

antibody when the DNA nanostructure was assembled on the GoG electrodes (data not shown). It 

is noteworthy that when GoGs were used, a thiol-DNA treatment concentration of 30 nM was 

used. Therefore, we assume that, for the existing Au-µE, the lesser signal suppression maybe due 

to the use of 50 nM thiol-DNA, which creates a more densely packed surface, which reduces the 

binding of antibody to anchor recognition unit. However, we still decided to perform a kinetic 

study to see whether the antibody incubation time can be optimized for the existing thiol-DNA 

concentration on Au-µE (Figure 5.12). Thus, we measured the change in signal every 3 min for 1 

h and observed that the system begins to reach a plateau at 45 min. Still, however, the signal 

suppression was observed to be ~33 %, even after 1 h. With these results, we can conclude that, 

under the current experimental conditions, the estradiol DNA nanostructure is able to give a 33 % 

drop in signal, post anti-estradiol antibody incubation. We hypothesize that further signal reduction 

can be achieved if the thiol-DNA concentration is reduced. 

 

Figure 5.12 Kinetic study for antibody incubation. (A) The Au-µE was dipped into a solution of 

20 nM anti-estradiol antibody and signal suppression was monitored over 1 h. The sensor showed 

to plateau off at 45 min (measurement at a SWV frequency of 464 Hz). (B) Peak currents of the 

sensor before antibody addition and 1 h after addition of antibody. The figures indicate that in the 
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presence of anti-estradiol antibody (20 nM), the sensor under current experimental conditions can 

achieve ~33 % suppression in signal time after antibody addition.  

 
5.4 Conclusions 
 

Inspired from the Plaxco group on the extensive use of gold microwires as working 

electrodes, we have shown our attempts of transitioning from 2D planar GoGs to Au-µEs. The end 

goal of this project is to incorporate the optimized Au-µE with 3D printed microfluidics for 

detection of biomarkers, specially using the DNA- nanostructure developed by our lab. Thus far, 

as described in this chapter, we have been able to identify a suitable reference electrode, instead 

of using a commercial Ag/AgCl electrode. Our reasoning to adapting Pt wire as a pseudo reference 

is mainly due to the future difficulty of using a commercial reference electrode within microfluidic 

channels. Furthermore, in this work we have designed custom, 3D printed micro electrode holders 

which are able to support the three-electrode system, which facilitates the easy handling of such a 

small structure. Most importantly, in this initial work we have demonstrated the successful 

assembly of considerably low concentration of thiol-DNA on the smooth Au wire surface, which 

is important for optimized positioning of the DNA- nanostructures. Although we have been able 

to achieve the successful assembly of our bowtie DNA nanostructure and observe a drop in signal 

as hypothesized in the presence of respective antibodies, the system needs to be optimized further 

for best results in analyte sensing. 
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Chapter 6  
 

Concluding Remarks and Future Directions 
 

 

6.1 Concluding remarks 
 

In this dissertation, we have expanded the applications of DNA-based proximity assays for 

biomolecular detection utilizing both fluorescence and electrochemical detection platforms, where 

increased probe flexibility was shown to improve multiple assay types.  

We have introduced two novel applications of thermofluorimetric analysis (TFA). 

Previously this method was used by our lab to detect several analytes at appreciable LODs 1-3. In 

this work, we have developed an antibody detection assay leveraging TFA. This is a simple mix-

and-read assay which can be performed within a comparatively shorter period of time, compared 

to methods such as ELISA, and repurposes a commonly available qPCR instrument. Furthermore, 

we have employed TFA to study the effects of valency on proximity-based assays which utilize 

antibody oligonucleotides (AbOs) as recognition units.  Herein, effects of monovalent and 

multivalent AbO probe valency were assessed using 12-fold lesser amounts of reagents compared 

to gel separations, making the method a valuable tool of analyzing precious samples.  

Perhaps most importantly, in this TFA work we highlight that proximity assays involving 

several DNA strands should possess sufficient flexibility to promote the hybridization of the short 

DNA strands, which can improve assay performance. ssDNA segments were replaced with 

polyethylene glycol (PEG) linkers which promoted short signaling DNA hybridization4.  In chapter 

2 we introduced the application of TFA in developing a fluorescence assay for biomarker detection 
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using split broccoli aptamers. Although the system did not demonstrate results as hypothesized, 

we believe that the assay may be functional in future if the PEG linkers (introduced in chapter 3) 

can be incorporated into the split aptamers. Careful identification of the location of insertion and 

optimization has to be done such that the fluorophore (DFHBI) binding pocket is not being 

disrupted. 

The electrochemical proximity assay was introduced by our group previously 5, 6. In this 

dissertation, we modified this assay for antibody detection. We adopted the fluorescence-based 

system developed above to an electrochemical assay by modifying the signaling DNA strands to 

carry a thiolated-DNA (attached to a gold electrode surface) and complementary DNA strands 

modified with a methylene blue (redox moiety) molecule. Compared to the develop TFA method, 

we were able to achieve a lower LOD for anti-digoxigenin antibody detection. To improve assay 

performance, we again used PEG spacers as mentioned above at selected sections of the DNA 

strands. Compared to the unmodified electrochemical sensor, the sensor with PEG spacers showed 

a 4-fold increase in antibody-dependent SWV currents. Moreover, the current sensor design allows 

two methylene blue molecules to approach the sensor surface in response to one antibody binding 

event, which also contributes to improved LODs.  

Electrochemical techniques have been the method of choice to develop biosensors for the 

purposes of point-of-care (POC), point-of-need and functioning in limited resource settings 7-9. 

Electrochemical sensors in our lab are developed mainly utilizing patterned gold-on-glass (GoG) 

slides through a standard photolithographic process. The Plaxco group utilized gold microwires to 

detect analytes within live rats, in whole blood and in real time 10-12. Inspired from this work, in 

chapter 5 we have attempted adopting DNA-based sensors developed in our lab on GoG electrodes 

on gold microwires of 0.25 mm diameter. Herein, we have demonstrated the use of Pt microwires 
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(0.25 mm diameter) as pseudo references, as opposed to the commercially available Ag/AgCl 

reference electrodes. This preliminary study presents the assembly of the developed DNA 

nanostructure and design optimizations done to achieve functional gold microwires. 

6.2 Future directions 

6.2.1 Antibody detection 

Antibodies can be important biomarkers in disease recognition. They have the capability 

of binding to a variety of biomolecules ranging from small molecules (such as steroids), proteins, 

cells and viruses. As mentioned in this dissertation, we have introduced both FRET-based TFA 

and electrochemical proximity assays for antibody detection. Although anti-digoxigenin antibody 

and its corresponding small molecule antigen, digoxigenin have been used as proof of concept, we 

believe that the method can be adopted to detect clinically relevant targets.  

Antibodies specially related to certain allergy conditions can be targets of interest. The 

body produces IgE antibodies in response to allergy conditions related to food, certain chemicals 

etc. It is important that if such allergy conditions are severe, they should be diagnosed and treated 

promptly. However, identification of specific cause for an allergy may take longer (as much as one 

month) due to the prevailing methods of testing. We hypothesize that, the developed DNA-

proximity-based assay in this work can be of useful for the diagnosis of some common, yet severe 

allergy conditions within a shorter period of time. Recognition elements (antigens) of interest may 

not only be limited to small molecules, but also to full peptide molecules, protein fragments 

(epitopes) and even peptide nucleic acids (PNAs). The developed TFA assay permits modification 

for multiplexing, where two or more FRET pairs (nonoverlapping absorbances) maybe be used, 

with slightly modified complementary sequences for the target of interest . The developed antibody 

ECPA with above suggestions may provide better limits of detection. Furthermore, the effects of 
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probe packing density has not been extensively studied in this version of ECPA. Therefore, density 

of the thiolated DNA molecules attaching to the surface can be further optimized with respect to 

thiol-DNA concentration, as well as respective modifications to thiol-DNA.  

6.2.2 Replacing GoG electrodes with microelectrodes 
 

In chapter 5, we have shown the use of gold microwires for DNA nanostructure 

construction. Although experimental conditions of this system are yet to be optimized, it holds 

promising benefits over GoG. GoGs have to be fabricated by patterning the electrodes of required 

size by a photolithographic process. The use of microwires completely eliminates this step, which 

makes the work load easier. Although Pt wires have been used herein as pseudo electrodes, we 

have been observing shifts in peak voltages time to time, which is usually minimal in commercially 

available reference electrodes such as Ag/AgCl. Therefore, we suggest that more characterization 

has to be done on the use of Pt microwires in terms of stability, such that minimum peak shifting 

is observed. This can include both electrochemical measurements and surface characterization 

techniques.  

We have demonstrated the successful assembly of an estradiol DNA- nanostructure in the 

preceding chapter. However, we have been able to achieve only 33 % suppression in signal upon 

anti-estradiol antibody addition (20 nM), which is lower than what is achieved by GoG. Currently, 

we attribute this reduction to the thiol-DNA concentration (probe packing density) on the surface. 

The Au-µE uses 50 nM of thiol-DNA for immobilization, whereas the GoG uses 30 nM. We 

hypothesize that, the higher concentration of thiol-DNA on Au-µE might be leading to the 

formation of a more tightly packed surface with DNA nanostructure, which reduces the binding of 

respective antibody. Therefore, it is important to optimize thiol-DNA concentration, which hints 

that it should be reduced further. This will ensure enough spacing between the assembled DNA 
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nanostructures. Followed by this, we intend of using the sensor to measure free estradiol as shown 

in Figure 5.10B (right). 

 

Another issue faced during the use of Au-µE is the sensor-to-sensor variability. It has been 

shown earlier that planar wires or planar electrode surfaces may suffer from inconsistent results 

due to the electrode surface not achieving a consistent SAM 11, 13. Improper probe DNA packing 

can hamper sensor performance. Therefore, it was shown that such variations can be minimized 

by enhancing the gold surface area via electrodeposition of gold nanostructures. This has shown 

to improve electrochemical signals drastically 11, 13, 14. Thus, for the Au-µE immobilized with the 

DNA- nanostructure, we suggest electrochemical surface roughening using sulfuric acid. This is 

an easy technique, where surface roughened electrodes can be generated in few minutes 11. 

However, the time needed, number of electrochemical pulses, etc. will have to be optimized, 

followed by electron microscopy data for best results. 

An important goal of adopting our existing nanostructure assays to microelectrodes is to 

be able to integrate with microfluidics. Recently in our lab, we have been developing microfluidic 

devices based on 3D printing. 3D printed microfluidic devices bear the advantages of easy 

fabrication (as opposed to the tedious photolithographic processes followed by conventional 

microfluidic chip fabrication), requirement of comparatively lesser fabrication time (since high 

resolution 3D printers are available currently, a chip can be printed within about an hour or so, 

depending on complexity and requires less technical skill. Recently we integrated such a 3D 

printed microfluidic chip with a DNA- nanostructure assembled on a GoG for cortisol detection 

(preliminary study). Figure 6.1A shows the assembled microfluidic chip with an electrode. Herein, 

the Pt microwires were used as pseudo reference and counter electrodes. Figure 6.1B shows the 
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decrease in peak current over time after addition of 10 nM anti-testosterone antibody. A major 

issue faced during this experiment was the leaking of GoG electrode after assembling on the chip 

and the practical difficulty of inserting the electrode to the chip, which led to leaking of solution 

often. As a solution to this, we suggest the use of developed microelectrode system. As shown in 

Figure 6.2 the electrode holder can be directly fitted through the chip, such that it comes in contact 

with flowing solution. This allows easy manipulation of device. We believe that this system will 

be able to mimic the pumping of bodily fluids (such as serum) and allow mimicking of fluid 

circulation and real time monitoring. 

 

Figure 6.1 Integration of microfluidics with existing GoG sensor. (A) A setup which shows a GoG 

electrode having testosterone DNA- nanostructure assembled on to a 3D printed microfluidic chip. 

Reference and counter electrodes comprise of Pt microwires. The pneumatic oscillator pumps fluid 

to the chamber having the electrode. (B) Change in current (decrease in signal) after addition of 

anti-testosterone antibody was measured over time. As expected, a decrease in signal was 

observed.  
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Figure 6.2 An illustration of a proposed microelectrode system fixed to a fluidic reservoir of a 

microfluidic chip. An oscillator pump will pump small volumes of analyte solution continuously 

or at controlled intervals. The gold microelectrode will have DNA- nanostructures immobilized, 

for analyte sensing. While solution flows, an EC signal will be generated in real time. 

 
 

6.3   Final Comments 
 

Overall, this dissertation work has been able to contribute advancements to several 

bioanalytical assay platforms.  Both fluorescence based (TFA) and electrochemical platforms were 

extensively studied, with the major application being antibody sensing.  The results of these studies 

point to an important role of probe flexibility, particularly when leveraging hybridization of 

multiple DNA strands and proximity-dependent binding.  Polyethylene glycol (PEG) linkers were 

used to improve performance of a TFA-based antibody sensor, and electrochemical antibody 

sensor, and a DNA nanostructure sensor used for various other analytes.  While several other 

studies were also included here (split aptamer sensors, microelectrodes), the probe flexibility 

improvements were the key advancement.  We expect that various other DNA-based (or other) 

bioassays could be enhanced by carefully considering the flexibility of the probes. 
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